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Kurzfassung

In dieser Dissertation wird ein Schema erarbeitet, dass die Berechnung von anharmoni-

schen Schwingungsfrequenzen adsorbierter Systeme erlaubt. Als theoretische Methode

zur Beschreibung der anharmonischen Vibrationsdynamik wählen wir die VSCF (vi-

brational self-consistent field) Methode. Diese Methode behandelt die Anharmonizität

der Schwingungen explizit durch die Verwendung einer Potentialhyperfläche und läßt

anharmonische Modenkopplung der Normalmoden zu.

Ein rechentechnischer Engpaß dieser Methode ist die Erstellung der Potentialfläche. In

der fast-VSCF Methode wird die Potentialfläche mit einer schnellen, etwas gröberen Me-

thode berechnet, und wichtige Bereiche der Potentialfläche durch einen Kopplungsstär-

keparameter bestimmt. Nur diese wichtigen Bereiche werden dann mit der gewünschten

ab initio-Methode berechnet.

In dieser Arbeit wird ein statistisches Verfahren zur Bewertung des Kopplungsstärke-

parameters vorgestellt, das auf Boxplots beruht. Zudem wird die Genauigkeit des Harris

Energiefunktionals als Methode für das Abtasten der Potentialfläche nach den wichti-

gen Bereichen getestet. Zuvor wurde hierfür die semiempirische PM3-Methode verwen-

det; diese ist allerdings nicht für alle Elemente parametrisiert. Zudem ist von einem

theoretischen Standpunkt aus eine Methode ohne empirische Parameter wie das Harris

Funktional generell vorzuziehen.

Beide Erweiterungen der fast-VSCF Methode – die Boxplot-Analyse und das Harris

Funktional zur Bestimmung wichtiger Bereiche der Potentialfläche – ermöglichen eine all-

gemeine und System-unabhängige Berechnung anharmonischer Schwingungsfrequenzen

großer Moleküle, und können auch für andere als Adsorbat-Substrat-Systeme verwendet

werden. Die Genauigkeit dieses Verfahrens wird an mehreren organischen Molekülen wie

Methanol, Methanthiol, Pyridin und 4-Pyridinthiol getestet. Es wird gezeigt, dass die

Genauigkeitsgrenze von Standard-ab initio-Verfahren wie MP2 mit einem Basissatz von

triple-zeta-Qualität für die Vorhersage anharmonischer Schwingungsfrequenzen bei etwa

20-30 cm−1 liegt. Wir demonstrieren dass die Vernachlässigung unwichtiger Bereiche der

Potentialfläche zu einer Standardabweichung vom Experiment führt, die kaum höher
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liegt als bei Berücksichtigung der kompletten Potentialfläche.

Für die Bestimmung der Normalmoden von adsorbierten Molekülen verwenden wir ei-

ne partielle Hesse-Matrix. In der partiellen Hesse-Matrix werden die zweiten Ableitungen

des Potentials nur für ein Teil des Systems berechnet. Dieses Verfahren ist ideal für die

Behandlung leichter organischer Moleküle adsorbiert auf Übergangsmetalloberflächen,

solche Systeme wie in dieser Arbeit behandelt werden.

Wir beschäftigen uns in einem Anwendungsbeispiel der Methode mit Ethin adsorbiert

auf einer Kupferoberfläche (Cu(100)). Für dieses System gibt es genügend experimentel-

le Daten in der Literatur, und das Molekül verfügt über drei Arten von Normalmoden

– Biegeschwingungen in-plane und out-of-plane, und Streckschwingungen. An diesem

System testen wir eine Reihe von Dichtefunktionalen, um einen Eindruck von der Ge-

nauigkeit der Methoden zur Beschreibung von Potentialflächen zu erhalten. Zudem wird

die Kupfer-Kohlenstoffbindung zwischen Substrat und Adsorbat analysiert.

Die Methode wird dann auf 4-Pyridinthiol auf einer Goldoberfläche (Au(111)) an-

gewendet. Hier werden Unterschiede zwischen fünf verschiedenen Adsorptionsplätzen

herausgearbeitet. Zudem wird in einer Kollaboration mit Experimentatoren aus der

Festkörperphysik der Universität Ulm ein experimentelles inelastisches Tunnelspektrum

analysiert, und die verschiedenen Normalmoden zugeordnet. Darüberhinaus werden die

theoretischen inelastischen Intensitäten berechnet. Es wird ein Versuch unternommen,

die experimentell vorhandene Adsorptionsstelle zu bestimmen.
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Abstract

In this thesis, a methodology for the calculation of anharmonic vibrational frequencies

of adsorbates on surfaces is developed. The theoretical method which is used for the

description of the vibrational dynamics is the VSCF (vibrational self-consistent field)

method. Here, the anharmonicity of the potential is explicitly included, and also anhar-

monic mode–mode coupling is present in the model.

One computational bottleneck of this method is the construction of the potential en-

ergy surface (PES). In the fast-VSCF method, the PES is pre-screened using a compu-

tationally cheap method, and important areas of the PES are determined via a coupling-

strength parameter. Only the important areas of the PES are then computed using a

high-level ab initio method.

We introduce a statistical procedure for the determination of the coupling-strength

parameter, which is based on a box plot analysis. In addition to that, the accuracy of

the Harris energy functional as pre-screening method is tested. In previous work, PM3

is the predominate method used for the determination of the important regions of the

PES; however, PM3 is not parametrized for all elements. In addition to that, the use of

a method which does not rely on any empirical parameters such as the Harris functional

is generally preferable from a theoretical point of view.

Both changes in the fast-VSCF methodology – the box-plot analysis and the Harris

functional for the pre-screening of the PES – yield a general and system-independent

scheme for the calculation of anharmonic vibrational frequencies for large molecules,

and the method is not restricted to the application on adsorbed systems. The accu-

racy of the scheme is tested on a number of small organic molecules, such as methanol,

mercaptomethane (methanethiol), pyridine, and 4-mercaptopyridine (4-pyridinethiol).

We show that the accuracy of standard ab initio-methods like MP2 with a basis set of

triple-zeta quality lies at 20 - 30 cm−1 for the prediction of anharmonic frequencies. We

demonstrate that the exclusion of unimportant regions of the PES in the anharmonic

calculation yields only a slightly larger standard deviation from experiment, than with

the full PES.
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The harmonic vibrational analysis of adsorbed molecules for the determination of

the normal modes is carried out using the partial Hessian vibrational analysis. Here,

the second derivatives of the potential are calculated only for a selected subsystem.

This method is well-suited for the application to light organic molecules adsorbed on

transition-metal surfaces, as are subject to this work.

The first application of the methodology deals with acetylene adsorbed at a copper

surface (Cu(100)). For this system, a sufficient amount of experimental data is avail-

able in the literature, and the adsorbate possesses three different types of normal-mode

vibrations – in-plane and out-of-plane bending modes, and bond-stretching vibrations.

A number of different density-functional approximations are tested on this system, to

evaluate the accuracy with which the different levels of density functionals describe

the PES. Furthermore, we analyze the copper-carbon bond which is formed during the

chemisorption between substrate and adsorbate.

The second application is on 4-mercaptopyridine adsorbed on the gold surface (Au(111)).

Here, differences between five different adsorption sites are investigated. Furthermore,

in an experimental-theoretical collaboration with experimentalists from the Institute of

Solid State Physics of Ulm University, an experimental inelastic tunneling spectrum is

analyzed. The theoretical intensities are calculated, and normal-mode vibrations of the

molecule are assigned to experimental transition frequencies. An attempt is made to

determine the experimental adsorption site.
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1 Introduction

Vibrational spectroscopy is a very important tool for the characterization and identifi-

cation of molecules. The discovery of Laser technology enabled the generation of short

light pulses with a defined frequency and high beam intensities, and created a whole

new class of techniques and research areas (e.g. femto-chemistry[1], for the discovery of

which Ahmed Zewail obtained the Nobel prize in chemistry 1999). Excited states can

be specifically targeted, and by coupling of the photophysical process to other analytical

techniques such as time-of-flight experiments, even vibrational spectra of different con-

formers can be resolved[2]. Using confocal microscopes, spatially resolved spectra can

also be recorded[3].

In addition to techniques using photons to excite the molecules, the combination of

inelastic electron tunneling spectroscopy[4] (IETS) and the scanning tunneling micros-

cope[5] (STM), STM-IETS as introduced by the group of Wilson Ho[6], can be used to

investigate the vibrations of single adsorbed molecules. Simultaneously, the topology can

be recorded, and molecules can even be manipulated by targeting specific vibrations[7].

The combination of optical techniques and STM-IETS has also been realized recently

by the group of Wilson Ho[8].

In order to assign the measured transition frequencies to a certain vibrational motion

of the molecule, the concept of group vibrations is very useful. For vibrations localized in

one part of the molecule such as CH stretching modes, similar transition frequencies are

observed for different molecules. Using tables of group frequencies or by comparing with

known compounds, experimental peaks can be assigned. However, even for relatively

small molecules – from a chemist’s point of view – such as pyridine, the large number of

possible transitions and the occurrence of overtone and combination bands can lead to

complicated spectra[9].

Often, such analyses are accompanied by a theoretical investigation, where transition

frequencies are predicted using ab initio or semi-empirical calculations[10]. These cal-

culations are generally carried out using a simple harmonic model, which is straightfor-

ward to implement and computationally inexpensive. However, in reality, the potential
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1 Introduction

is rarely harmonic, and vibrations can also couple to each other, which leads to a dis-

crepancy between harmonic and experimental frequencies. This deviation can amount to

more than 200 cm−1 for some of the vibrational transitions[11]. In order to correct these

deficiencies, large tables of empirical scaling factors were constructed to scale harmonic

frequencies[12]. These global scaling factors are not very general, since they depend on

the electronic structure method used. Furthermore, the deviation of the harmonic from

the experimental frequencies also depends on the type of vibration. Therefore, Pulay et

al. suggested the use of multiple scaling factors to account for the different magnitude

and sign of the anharmonic effects in dependence of the normal mode type[13, 14] (e.g.

bending or stretching vibration).

To generally improve the theoretical description, anharmonic effects have to be in-

cluded in the model. There are several methods which account for vibrational anhar-

monicity, such as a perturbative treatment or time-dependent methods. In the VPT2

method (vibrational second-order perturbation theory), higher-order terms are added to

the potential expansion, by which the anharmonic contributions to the harmonic model

can be singled out. These anharmonic contributions then act as a perturbation potential

on the harmonic-oscillator Hamiltonian. This approach yields very accurate results, but

is computationally limited to small molecules, since it requires the computation of high-

order derivatives of the potential energy. In addition to that, the VPT2 method suffers

from the typical divergence problems of the perturbation expansion for near-degenerate

states and Fermi resonances[15, 16].

In molecular dynamics simulations (MD) the molecule “moves” on a potential energy

surface (PES) using classical equations of motion. Vibrational spectra which are ob-

tained this way inherently contain anharmonic effects. Nevertheless, the potentials used

for large systems are usually derived from force fields, which works well for most organic

compounds, but the force fields often do not contain parameters for heavier elements.

Molecular dynamics simulations can also be combined with ab initio methods (ab initio

MD or short AIMD). In AIMD, the forces acting on the ions moving along a trajec-

tory are computed on-the-fly using an electronic-structure method[17, 18]. However,

although MD and AIMD simulations are able to predict the vibrational spectrum, their

interpretation is not trivial and the determination of the normal-mode vibrations related

to the peaks in the spectrum is not straightforward.

A more general scheme is the vibrational self-consistent field[19] method (VSCF) used

in this work, which is a very promising approach for applications on large molecules. This

method is analogous to the Hartree-Fock method in electronic structure theory, and the
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anharmonicity of the PES is explicitly included[20, 21, 22, 23].

Structuring and tailoring compounds for future electronic applications has received

a great amount of attention. Large research networks, such as the Sonderforschungs-

bereich (SFB) 569[24] in Ulm have been formed in order to develop new techniques and

functional devices (see for example Ref. [25]). Generally, such systems are positioned on

surfaces, to form ordered structures like SAMs[26] (self-assembled monolayers), or the

surfaces can also act as electrodes[27]. Furthermore, the field of heterogeneous cataly-

sis, where reactions occur via adsorbed species, is a very active area of research with a

potentially large economical and ecological impact. Therefore, an important aspect is

the understanding of the molecule-surface interactions and dynamics, since with these

structural properties[28, 29], and reaction mechanisms[30, 31] can be explained and

predicted. Vibrational spectroscopy of molecules on surfaces is very useful for the de-

termination of the adsorption site and adsorbate-adsorbate interactions, and for general

structure determination. It is desirable to develop tools which can describe and predict

the vibrational properties of adsorbates accurately.

The aim of this work is to develop a methodology which enables a theoretical treatment

of anharmonic adsorbate vibrations. Using this technique, transition frequencies can be

predicted and experimental spectra assigned, the vibrational coupling between adsorbate

and surface can be investigated, and thermodynamic as well as vibrationally averaged

properties can be calculated. Albeit in this work, the technique is only applied to

adsorbates on metal surfaces, it is general and not restricted to such applications.

In chapter 2, the model is introduced, and important aspects of density functional

theory are discussed, since the treatment of the nuclear motion relies on an accurate

description of the electronic structure. In chapter 3, the differences between adsorbate

and free molecule vibrations are discussed, and experimental techniques to measure

adsorbate vibrations as well as theoretical approaches to their description are explained.

In chapter 4, the accuracy of the methodology is evaluated on gas-phase molecules.

The first application to an adsorbed species is carried out in chapter 5 on acetylene on

Cu(100). The second application in chapter 6 is on 4-mercaptopyridine on the Au(111)

surface, where an assignment of an experimental IET spectrum is carried out. In the

last chapter 7, the results are summarized.
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2 Theory

All the methodology we use relies on the Born-Oppenheimer (BO) or adiabatic approxi-

mation[32]. In the BO approximation, the motion of the electrons is treated indepen-

dently from the motion of the nuclei. The molecular Hamiltonian reads1

Ĥ = T̂N + T̂e + Vee + VeN + VNN

= −1

2

∑
A

1

MA

52
A −

1

2

∑
i

52
i +

∑
i>j

1

|ri − rj|

−
∑
A,i

ZA
|RA − ri|

+
∑
A>B

ZAZB
|RA −RB|

(2.1)

where T̂N is the kinetic energy of the nuclei, T̂e the kinetic energy of the electrons, Vee

the electron-electron repulsion, VeN the electron-nucleus attraction, and VNN the nucleus-

nucleus repulsion. The molecular Hamiltonian is separated into a Hamiltonian for the

electrons Ĥe and one for the nuclei ĤN :

Ĥ = Ĥe + ĤN (2.2)

Ĥe = T̂e + Vee + VeN (2.3)

ĤN = T̂N + Ee (R) + VNN (2.4)

with Ee (R) electronic energy. This leads to an electronic and a nuclear Schrödinger

equation

ĤeΨe (r; R) = EeΨe (r; R) (2.5)

ĤNΨN (R) = EΨN (R) (2.6)

where the total wave function of the molecular system is factorized into a wave func-

tion for the electrons and one for the nuclei which satisfy the electronic and nuclear

1In the following, upper case indices refer to the nuclei, where lower case indices refer to the electrons.
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2.1 Vibrational calculations

Schrödinger equation.

Ψ = Ψe (r; R) ·ΨN (R) (2.7)

In the BO approximation, the first and second derivatives of the electronic wave function

with respect to the nuclear positions are set to zero (no dependence of the electronic

wave function on the kinetic energy of the nuclei):

1

MA

(5AΨe) = 0 (2.8)

1

MA

(52
AΨe) = 0 (2.9)

The electronic wave function is only parametrically dependent on the position of the

nuclei. In the BO approximation, a potential energy surface (PES) can be defined which

is obtained by summation of the electronic energy for the fixed nuclei and the nuclear

repulsion.

VPES (R) = Ee (R) + VNN (2.10)

The BO approximation breaks down, if the PESs of different electronic configurations

come close to each other, because here the electronic wave function depends on the

motion of the nuclei. For molecules this is usually is not the case. However, in metal

systems, electrons can easily be excited to a different electronic state, because metals

have no band gap and different electronic states can be arbitrarily close to each other[33].

Usually, such excitations are quenched immediately, so that the Born-Oppenheimer ap-

proximation still holds. The approximation greatly simplifies the quantum-mechanical

treatment, since it removes the explicit dependence of the electrons on the motion of the

nuclei. It also means that all the vibrational calculations carried out in this work rely

on an accurate description of the PES. From now on, all equations are in atomic units2.

2.1 Vibrational calculations

The nuclear wave function can be approximately separated into contributions from the

translation, rotation and vibration of the molecule by using the Eckart conditions[34, 35].

Here, the coordinate system is chosen such that the internal, i.e. vibrational motion is

decoupled from the external motion, the translation and rotation, except a minimized

coupling term.

2me (electronic mass) = a0 (Bohr radius) = ~ (Planck constant h/2π) = 4πε0 (dielectric constant of
the vacuum) = 1

5



2 Theory

The center of mass RCOM of the molecule is defined as

RCOM =

∑N
A MARA∑N
A MA

(2.11)

where MA is the mass of nucleus A in a system of N nuclei. A reference configuration of

the atoms has to be chosen, which in our case is the equilibrium configuration. The origin

of the coordinate system is shifted to the center of mass. The axes of the coordinate

system are chosen to rotate with the molecule:

RCOM = 0 (2.12)

m =
N∑
A

MA (RA ×VA) = 0 (2.13)

with the velocities VA. In a physical sense, this means that the angular momentum m

of the translating-rotating coordinate system is chosen to be zero, the principal axes of

inertia coincide with the axes of the coordinate system. The coordinate system which

satisfies these condition is the Eckart frame (see Fig. 2.1).

Figure 2.1: Pictorial representation of the Eckart conditions: (a) The water molecule
in an arbitrary orientation and position in space. (b) The origin of the
coordinate system is shifted to the center of mass, RCOM. (c) The principal
axes of inertia coincide with the axes of the coordinate system.

In the Eckart frame, the 3N -dimensional space containing the N positions of the

nuclei RA of a nonlinear molecule is separable into the direct sum of the six external

coordinates, and the 3N − 6 internal coordinates

R3N = Rext ⊕Rint (2.14)

The external coordinates specify the translation and rotation of the molecule as a whole,

and the internal coordinates are invariant with respect to Rext. To obtain a simplified

expression for the kinetic energy operator T̂ , mass-weighted normal coordinates q for

6



2.1 Vibrational calculations

displacements from equilibrium ∆R = R−R0 are introduced:

qA,α = qk =
√
MA∆RA,α (2.15)

T̂ = −1

2

3N∑
k

∂2

∂q2
k

(2.16)

The index α stands for the x, y, and z-coordinate. These coordinates q = {q1, q2, . . . , q3N}
contain the vibrational motion of the molecule, contaminated by the translations and

rotations (since the system is over-defined - there are only 3N − 6 vibrational degrees

of freedom for a nonlinear molecule). An expression for the potential energy term in

the vibrational Hamiltonian is obtained by a Taylor expansion around the equilibrium

position 0, truncated after the second order (harmonic approximation):

V (q) = V0 +
3N∑
k

(
∂V

∂qk

)
0

qk +
1

2

3N∑
k,l

(
∂2V

∂qk∂ql

)
0

qkql (2.17)

If the coordinate system is chosen such that the equilibrium energy lies at zero, equation

(2.17) becomes

V (q) =
1

2

3N∑
k,l

(
∂2V

∂qk∂ql

)
0

qkql =
1

2

3N∑
k,l

fklqkql (2.18)

The first derivatives vanish because the potential is minimal at equilibrium position.

The matrix containing the second derivatives of the potential (force constants) is the

Hessian matrix H

H =


f1,1 f1,2 . . . f1,3N

f2,1 f2,2 . . . f2,3N

...
. . .

...

f3N,1 f3N,2 . . . f3N,3N

 (2.19)

Since in the field-free case the potential is invariant with respect to translation and

rotation of the molecule, diagonalization of H yields 3N − 6 non-zero and six zero

eigenvalues for nonlinear molecules. The 3N − 6 eigenvectors thus describe the internal

motion of the molecule, the vibrations, and constitute the normal-mode basis Q =

{Q1, Q2, . . . , Q3N−6} which spans the internal space.

QHQ† = Λ (2.20)
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2 Theory

The diagonal matrix Λ = diag{λ1, λ2, . . . , λ3N−6, 0, . . . , 0} contains the eigenvalues of

the Hessian matrix. Expressing the harmonic-oscillator Hamiltonian ĤHO in internal

coordinates with the vibrational kinetic energy, the Schrödinger equation becomes

−1

2

3N−6∑
i

{
∂2

∂Q2
i

+ λiQ
2
i

}
Ψvib = EΨvib (2.21)

This equation can be factorized into 3N − 6 one-dimensional equations for 3N − 6

harmonic oscillators. The solutions to these equations are the normal modes of vibration

and the harmonic vibrational frequency ω, which can be expressed in wavenumbers

(cm−1):

ω̃i =

√
λi

4π2c2
(2.22)

In practice, the motion of rotation and vibration are not totally separated. The Eckart

frame is a non-inertial reference frame since the coordinate system rotates with the

molecule. This introduces fictitious forces into the kinetic energy operator such as the

Coriolis and centrifugal forces.

In the harmonic approximation, the force acting on the displaced nuclei is assumed to

be linearly dependant on the displacement from equilibrium position. Furthermore, each

vibrational mode is completely decoupled from the other modes. In reality, the picture

is slightly different: The shape of the potential is rarely harmonic, and the vibrational

modes do interact with each other (anharmonic mode–mode coupling). For some cases,

the harmonic picture is even qualitatively wrong: e.g. a bond stretching vibration leads

to a bond dissociation for large displacements; in a harmonic potential, bond dissociation

is not possible.

8



2.2 Approaches for anharmonic vibrational calculations

2.2 Approaches for anharmonic vibrational calculations

There are different approaches to an anharmonic treatment of molecular vibrations. In

the VPT2 method[36], the anharmonicity of the potential acts as a perturbation on the

harmonic-oscillator Hamiltonian ĤHO:

ĤVPT2 = ĤHO + Ĥanh (2.23)

where Ĥanh contains the cubic and quartic force constants of the Taylor expansion of

the potential around the equilibrium geometry:

Ĥanh =
1

3!

3N∑
k,l,m

(
∂3V

∂qk∂ql∂qm

)
0

qkqlqm +
1

4!

3N∑
k,l,m,n

(
∂4V

∂qk∂ql∂qm∂qn

)
0

qkqlqmqn

=
1

3!

3N∑
k,l,m

fklmqkqlqm +
1

4!

3N∑
k,l,m,n

fklmnqkqlqmqn (2.24)

The vibrational wave functions ϕi for each mode i are obtained using second-order

perturbation theory, starting from the harmonic wave functions. For degenerate states,

the vibrational wave functions are treated variationally. The excitation energy εi of a

vibration is then given by the diagonal terms of the Hamiltonian matrix

εi = ζ0 +
∑
i

ωi

(
ni +

1

2

)
+
∑
i≤i

ζij

(
ni +

1

2

)(
nj +

1

2

)
(2.25)

The ζ constants are functions of the cubic and quartic force constants, and ni and nj

are the excitation quanta for modes i and j. The VPT2 approach suffers from the high

computational demand of obtaining high-order derivatives of the potential, and from the

problems of standard perturbative approaches for degenerate states (Fermi resonances).

A time-dependant approach to obtain anharmonic vibrational spectra is offered by

molecular dynamics (MD) simulations[37], where the classical equations of motion are

solved. The forces are defined using an empirical or ab initio potential (ab initio MD

(AIMD))[17, 18]. In AIMD, the PES is constructed on-the-fly (no global PES is re-

quired). AIMD simulations mostly use density-functional approximations for the de-

scription of the electronic structure, and as in the VSCF approach, the quality of the

computed frequencies strongly depends on the electronic-structure method used to de-

scribe the PES. The vibrational spectrum is obtained from the velocity autocorrelation

9
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function:

cvv(t) = 〈v(t)v(0)〉 (2.26)

The velocity autocorrelation function describes the correlation of the velocity v with

itself at different points t in time. The short-time correlations are connected with equi-

librium averages of the ensemble, such as the mean-square force (via the mean-square

acceleration). Thus, from the short-time correlations, the vibrational frequency with

which each atom vibrates can be determined. To obtain the vibrational frequencies, the

vibrational density of states (VDOS), or power spectrum, is calculated as

f(ω) =

∫ ∞
0

expiωt dt
1

N

N∑
i

〈vi(t)vi(0)〉 (2.27)

which is the Fourier transform of the statistical average of the velocity autocorrelation

function over the number of particles N of the ensemble.

In MD simulations, the interpretation of the calculated spectra is not straightforward.

In order to obtain information about the vibrational motion related to the peaks obtained

in the spectrum, a deeper analysis has to be carried out. Furthermore, the underlying

mechanisms which lead to peak shifts, broadening and temperature effects cannot be

extracted from the model in a simple and straightforward manner. However, MD spectra

do predict the anharmonic vibrational spectrum of a species at a comparatively low

computational cost, and the peak intensity and width can also be easily calculated from

the electronic dipole moment correlation function.

Nevertheless, it is questionable how well a quantum system can be described using clas-

sical equations of motion. Since the classical amplitudes are smaller than the quantum

ones at the same temperature, the classical frequencies will underestimate anharmonic

shifts[38]. Furthermore, non-classical effects like Fermi resonances are excluded from the

model a priori.

It is also possible to perform time-dependent calculations of the anharmonic vibra-

tional spectra via wave-function propagation techniques (see e.g. Ref. [39]). Such cal-

culations are usually performed on highly excited states. Time-dependent methods are

generally inefficient at computing bound states, which require long propagation times

due to the uncertainty principle.

10



2.3 Vibrational self-consistent field method

2.3 Vibrational self-consistent field method

The VSCF method [40, 19] is a method to explicitly solve the vibrational Schrödinger

equation (2.29). The Hamiltonian in BO approximation is expressed using a normal

mode basis (Watson Hamiltonian[41])

Ĥ = −1

2

3N−6∑
i

∂2

∂Q2
i

+
3∑

α,β=1

(Jα − πα)µαβ (Jβ − πβ)− 1

8

∑
α

µαα + V (Q) (2.28)

The first term is the kinetic energy term associated with the molecular vibration; the

second term the kinetic energy for rotation of the molecule, in analogy with the expres-

sion for the rigid rotor. Here, the indices α, β indicate cartesian axes, J is the angular

momentum, and π the vibrational angular momentum containing Coriolis and centrifu-

gal terms. The quantity µ is the effective reciprocal inertia tensor; the effective inertia

tensor is the vibrationally averaged moment of inertia tensor I. The effective inertia

tensor can be approximated as the moment of inertia tensor at the equilibrium geom-

etry of the molecule for small atomic displacements from equilibrium. The third term

(“Watson term”) contains the trace of µ, and the last term is the potential energy term.

The Watson Hamiltonian is very general, except for linear molecules where it takes a

different form[42]. For a non-rotating molecule (J = 0) and neglecting vibration-rotation

coupling (
∑

i ∂I/∂Qi = 0 and
∑

i ∂
2I/∂Q2

i = 0), the Hamiltonian takes the desired sim-

ple form, where the kinetic energy operator is diagonal. The vibrational Schrödinger

equation reads {
− 1

2

n∑
i

∂2

∂Q2
i

+ V (Q)

}
Ψk(Q) = EkΨk(Q) (2.29)

The full vibrational wave function Ψk(Q) in rectilinear normal-mode coordinates Q =

{Qi} is approximated by a product of n single-mode wave functions ϕ
(k)
ki

(Qi):

Ψk(Q) =
n∏
i

ϕ
(k)
ki

(Qi) (2.30)

The index k = {ki} is a collective index representing the vibrational excitation quanta

for each mode. Each single-mode wave function (“modal”) corresponds to one of the

n vibrational modes of the system. The potential-energy operator is represented on a

grid of single-point energy (SPE) calculations of an electronic-structure program, and

relies on the accuracy of the electronic-structure calculation. Since the construction of

11
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the PES can be computationally very demanding, it is preferable to compute only a

part of the PES. One of the most used approaches for large systems has been proposed

by Chaban et al.[20, 43], where the potential-energy operator is expanded in a many-

body fashion (mode-expanded PES)[21, 22, 23, 43]. The potential-energy operator thus

contains a series of approximate potential-energy terms, from one-mode terms to two-

mode couplings up to the full coupling potential containing the n-mode couplings. By

restricting the PES to a certain order, the computational demand can be controlled; and

also a systematic improvement of the PES is possible via the inclusion of higher-order

terms:

V (Q) =
n∑
i=1

V
(1)
i (Qi) +

n∑
i

n∑
j>i

V
(2)
ij (Qi, Qj) +

n∑
i

n∑
j>i

n∑
k>j

V
(3)
ijk (Qi, Qj, Qk) + · · · (2.31)

The first-order term, V
(1)
i (Qi), is the diagonal contribution of mode i to the PES. The

second-order term, V
(2)
ij (Qi, Qj), represents the contribution of the coupling of mode i

with j; and the higher-order terms contain the remaining n-mode couplings. In this

work, the potential expansion is limited to second order (pairwise approximation)[20].

By using a mean-field approach, the vibrational Schrödinger equation can be separated

into n single-mode (1-D) equations:{
− 1

2

∂2

∂Q2
i

+ V
(1)
i (Qi) + ϑ

(k)
i (Qi)

}
ϕ

(k)
ki

(Qi) = ε
(k)
ki
ϕ

(k)
ki

(Qi) (2.32)

Here, V
(1)
i (Qi) contains the diagonal part of the potential for mode i, and the effective

potential ϑ
(k)
i (Qi) reads

ϑ
(k)
i (Qi) =

〈
ϕ

(k)
kj

(Qj)
n∏
j 6=i

∣∣∣∣Vc(Q)

∣∣∣∣ n∏
j 6=i

ϕ
(k)
kj

(Qj)

〉
(2.33)

where Vc(Q) contains the coupling terms of the potential energy operator, which are

in our case the second-order terms V
(2)
ij (Qi, Qj) of the modewise expansion of the full

potential.

Since the mean-field potential (2.33) depends on the single-mode functions, equation

(2.32) has to be solved self-consistently until convergence of the total VSCF energy

EVSCF
k :

EVSCF
k =

n∑
i

ε
(k)
ki
− (n− 1)

〈
ϕ

(k)
kj

(Qj)
n∏
j 6=i

∣∣∣∣Vc(Q)

∣∣∣∣ n∏
j 6=i

ϕ
(k)
kj

(Qj)

〉
(2.34)

12



2.3 Vibrational self-consistent field method

The VSCF scheme provides only approximate vibrational frequencies, since there is no

direct mode–mode correlation present in the effective potential, ϑ
(k)
i (Qi). Similarly to

electronic-structure theory, a correlation correction can be introduced through a per-

turbative scheme (CC-VSCF[44], also called VMP2[16]), or a variational scheme (vibra-

tional configuration interaction (VCI))[45, 46, 47]. More details on the VSCF calcula-

tions are given in the Appendix A1.

2.3.1 Correlation corrections

The perturbation potential, ∆Vk(Q), is given by the difference between the true and the

effective potential:

∆Vk(Q) =
n∑
i

n∑
j>i

V
(2)
ij (Qi, Qj)−

∑
i

ϑ
(k)
i (Qi) (2.35)

For non-degenerate vibrational configuration |Ψk〉, the second-order energy correction,

E
(2),VMP2
k , is obtained by standard perturbation theory, and is computed from the VSCF

vibrational wave functions and their zero-order eigenvalues, ε
(k)
ki

:

EVMP2
k = EVSCF

k +
∑
m 6=k

|〈Ψk|∆Vk(Q)|Ψm〉|2

E
(0)
k − E

(0)
m︸ ︷︷ ︸

E
(2),VMP2
k

(2.36)

E
(0)
k =

n∑
i=1

ε
(k)
ki

(2.37)

However, when E
(0)
k ≈ E

(0)
m , the expression given in Eq. (2.36) diverges and non-

degenerate perturbation theory breaks down, leading at best to a substantial overes-

timation of the correlation correction. Unfortunately, the number of accidental degen-

eracies in vibrational states (Fermi resonances[15]) increases greatly with system size.

Thus, while the perturbation approach has a favourable computational scaling for large

systems, a robust treatment of accidental degeneracies is crucial in order to obtain a

reliable description of mode–mode correlation for such systems.

Several degenerate or quasi-degenerate perturbation-theory schemes exist for vibra-

tional calculations[48, 49]. We follow the simple approach described by Daněček and

Bouř[50], which accounts for two-level degeneracies and is straightforward to implement.

Note that this approach was first introduced by Truhlar and co-workers for VPT2[51]
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and for MP2 electronic-structure calculations[52]. In order to avoid the problems en-

countered with the second-order energy correction in Eq. (2.36) for degenerate states,

we replace the expression of E
(2),VMP2
k by:

E
(2),DCVMP2
k =

1

2

∑
m 6=k

[
E(0)

m − E
(0)
k

±
√(

E
(0)
m − E(0)

k

)2

+ 4|〈Ψk|∆Vk(Q)|Ψm〉|2
]

(2.38)

where the positive sign holds for E
(0)
k > E

(0)
m and the negative sign for E

(0)
k ≤ E

(0)
m . The

degeneracy-corrected VMP2 energy (DCVMP2) is thus given by:

EDCVMP2
k = EVSCF

k + E
(2),DCVMP2
k (2.39)

Note that, in this scheme, all perturbation contributions are computed using the result

of a 2×2 matrix diagonalization, whether they originate from degenerate states or not. It

is possible to show that for non-degenerate states and a weak perturbation the solutions

are similar to standard VMP2 results, while for degenerate states the results are exact

within a two-level model.

It is also possible to introduce correlation corrections via vibrational configuration

interaction[45, 46, 47]. The VCI wave function is written as a sum over the VSCF

ground and orthonormal excited states

|ΦVCI(Q)〉 =
∑
k

Ck|Ψk(Q)〉 (2.40)

Since the VCI reference state is the VSCF ground state, this method is also called

ground-state VCI. It is also possible to optimize each modal with VSCF and then use

this VSCF state as reference state and its virtual excitations as CI basis (VSCF/VCI or

state-specific VCI)[53]:

|ΦVCI
k (Qi)〉 =

nmax∑
ki

C
(k)
ki
|ϕ(k)
ki

(Qi)〉 (2.41)

One obtains n VCI wave functions, which are non-orthogonal to each other. The

VSCF/VCI approach is more accurate than the VCI approach, since the VCI only needs

to correct for correlation and not in addition for the description of the excitation (this is

accounted for with VSCF); thus also yielding to a faster convergence. The calculations
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2.3 Vibrational self-consistent field method

carried out in this work are all performed using VSCF/VCI as implemented in our code

Pvscf[54, 53]. This implementation takes into account all one-mode and two-mode

excitations, thus corresponding to CISD (singles-doubles CI) in electronic structure the-

ory. The excitations are limited up to a maximum nmax, which has to be checked for

convergence. In most cases studied here, nmax = 7 was sufficient. The disadvantage of

VSCF/VCI is its high memory consumption and long computing times. Albeit a direct

Davidson diagonalization routine was implemented by Dr. Yohann Scribano[53], which

allows tracking of the desired vector and thus reduces the computational cost in com-

parison with diagonalizing the full VCI matrix (e.g. 4-mercaptopyridine: reduction of

computation time by 88% or 165 h on a single processor), the correlation treatment still

presents a major bottleneck of the VSCF-based methods. A very elegant and efficient

technique has been implemented by Dr. Yohann Scribano, which uses an iterative pertur-

bative screening of the VCI matrix (VSCF/VCIPSI)[55]. The VSCF/VCIPSI method is

based on the variation-perturbation method for electronic-structure theory by Malrieu

and co-workers[56], and has been adapted to VCI by Pouchan et al.[57]. In the state-

specific VCIPSI, the states spanning the VCI space for each state are the VSCF basis

function and its virtual excitations. The VCI space B is divided into two sub-spaces

B = P ⊕Q, where P is treated variationally and Q using perturbation theory. In the

scheme, P is initialized as P(0) with all single and double excitations of the reference

VSCF state up to nmax = 2. Diagonalization of P(0) yields the basis for the initial VCI

wave function |Φ(0)
k 〉. Then the configurations of Q are treated perturbatively, and the

ones which yield a large perturbative contribution λkm are added to P:

λ
(0)
km =

〈Φ(0)
k |∆Vk(Q)|Φm〉
E

(0)
k − Em

(2.42)

States with index m are contained in Q. The energies in the denominator are defined

as

E
(0)
k = 〈Φ(0)

k |Ĥ0|Φ(0)
k 〉 (2.43)

Em = 〈Φm|Ĥ0|Φm〉 (2.44)

All states with λ
(0)
km ≥ η are added to P to form P(1), as well as states close in energy

to E
(0)
k . Diagonalization yields an improved VCI wave function |Φ(1)

k 〉 and energy E
(1)
k .

The perturbative screening is performed and the VCI basis is updated until the energy
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converges to a threshold β

E
(M−1)
k − E(M)

k ≤ β (2.45)

β was set to 0.01 cm−1. It is possible to correct E
(M)
k using perturbative corrections from

states in Q. Since this correction is very small (≤ 1 cm−1 on the final frequency[55]), all

calculations performed in this work were done without these corrections. The VSCF/

VCIPSI scheme is extremely efficient, yielding a speed-up of the variational calculation

of up to 97%, depending on the size of the system. Also the memory requirements are

much reduced: A VCI treatment of 4-mercaptopyridine on Au(111) (39 normal modes

using 140 mode–mode couplings) was not possible on a machine with 4 GB main memory,

while the VCIPSI calculation runs without any problems. The accuracy of the VCIPSI

calculation is the basically the same as for the VCI calculation (for the systems studied

here, deviations of at most 1 cm−1 were obtained). All VCI and VCIPSI calculations

carried out in this work are state-specific calculations.

2.3.2 Potential energy surfaces

Figure 2.2: Normal-mode based expansion of the PES on a grid.

The potential term in the VSCF Hamiltonian requires the computation of the PES.

The directions along which the PES is constructed are the normal modes of vibration

obtained from a standard Hessian calculation. In the direct VSCF approach, the PES

is represented on a grid, where each grid point corresponds to a SPE calculation of an

electronic-structure program (see Fig. 2.2). Here, each grid point is explicitly calculated;

in other approaches, selected points of the PES are precomputed and then fitted to a

suitable function[58]. Thus, for a PES using 16 regularly-spaced grid points, 16 SPE cal-

culations for the 1-D potential of each normal mode and 16×16 SPE calculations for each

mode–mode coupling need to be performed. The molecular geometries corresponding to

each grid point are chosen as the displaced geometries along the respective normal-mode

vector, where the step size of the displacement is chosen in dependence on the harmonic

vibrational frequency. This leads to small displacements for high-frequency modes and
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2.3 Vibrational self-consistent field method

large displacements for soft, low-frequency vibrations. Displacements along each normal

mode are generated for the computation of the 1-D potential terms of the potential ex-

pansion; for the 2-D terms (mode–mode couplings), a simultaneous displacement along

each pair of normal modes is required (see Fig. 2.2), and so on for the higher-order terms.

In our implementation, up to two-mode couplings are included in the modewise ex-

pansion of the PES (pairwise approximation[20]). Higher-order couplings are excluded,

which leads to an error of at most 10% on soft modes when using rectilinear normal-mode

coordinates[20]. For most of the normal modes, the pairwise approximation is sufficiently

accurate, mostly the CH stretching vibrations require higher-order couplings. A way to

efficiently reduce the number of mode–mode couplings is by choosing coordinates in

which the potential-energy operator is better represented, such as curvilinear coordi-

nates. However, such a simplification brings in a complication of the kinetic energy

term.

The grid the PES is represented on has to be large enough to contain a sufficient

number of bound states for each mode for the correlation calculations. If the number

of excitations contained in the potential is not large enough, either the grid has to be

extended at the cost of additional SPE calculations, or the potential is set to infinity at

the borders of the PES, which, however, yields not the true virtual states.

In the following, the first-order terms of the potential will be called diagonal or 1-D

terms, and the mode–mode coupling contributions 2-D terms. Results obtained from a

potential with only 1-D terms will be called diagonal results.

2.3.3 Fast-VSCF

One of the bottlenecks of direct VSCF calculations for large molecules is the generation

of the PES. With the fast-VSCF scheme[59], it is possible to reduce the expression

of the coupling potential to include only the strongest mode–mode couplings. In this

approach, the Hessian matrix is constructed at a high level of theory, e.g. CCSD(T)

or MP2. The normal modes of that Hessian are then used to explore the PES with

a computationally less demanding method, such as PM3[60]. The coupling potential

V
(2)
ij (Qi, Qj) is computed, and the strength of each pair-coupling potential is evaluated

using the measure ζ (Qi, Qj):

ζ (Qi, Qj) =
1

(ngrid)2

ngrid∑
ni=1

ngrid∑
nj=1

|V (2)
ij (ni, nj)| (2.46)

17



2 Theory

(a) Mode–mode coupling map

selected couplings
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Figure 2.3: (a) Mode–mode coupling map constructed for methanol (MP2/SBK(d,p)).
The values of the pair-coupling strength, ζ, are colour-coded from white
(ζmin) to black (ζmax). The selected couplings for a fast-VSCF calculation
are indicated by white dots. (b) Histogram and box plot (see text for details)
for the normalized and symmetrized pair-coupling potential measure, ζ, for
methanol from a MP2/SBK(d,p) Hessian. The values of ζ are obtained from
a PES calculation with MP2/SBK(d,p). The fit to a normal distribution is
shown on the plot by a dashed line.

Here, V
(2)
ij (ni, nj) is the coupling potential on a grid of ngrid × ngrid points distributed

along modes Qi and Qj. Hence, ζ(Qi, Qj) measures the potential-energy change induced

by mode–mode coupling: strongly coupled modes give rise to a large change in the

potential energy of the system, thus leading to a high value of ζ(Qi, Qj). Weakly coupled

modes on the other hand lead to small changes in the potential energy, yielding a low

value of ζ(Qi, Qj).

A mode–mode coupling map is generated by plotting the value of ζ(Qi, Qj) for each

coupling (Fig. 2.3). A reduced mode–mode coupling PES is obtained for the high level of

theory by neglecting the couplings that lead to small energy changes, and only selected

pair-coupling potentials are calculated with high accuracy. The selection is achieved

by including only the couplings for which ζ(Qi, Qj) is above a given threshold ζthr.

Calculations that include all two-mode couplings are hereinafter referred to as “full

VSCF”. In the fast-VSCF method, it is not important which method is chosen for the

pre-screening, as long as the model contains the fundamental physics of the system

studied. In order to reflect the fundamental properties of the PES, the pre-screening

method must be able to predict the intramolecular interactions correctly; i.e. using the
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Harris energy functional for systems containing van-der-Waals interaction will likely lead

to meaningless results.

Bounouar et al. proposed[61] that the coupling potential should be weighted by the

product of the normal-mode wave functions for the respective modes, to obtain a mea-

sure of the accessibility of each mode–mode coupling. They used products of both

ground state |k〉 and first excited state |f〉 eigenfunctions obtained by solving the one-

dimensional problem, |〈φ(k)
i (Qi)φ

(f)
j (Qj)|V (2)

ij (Qi, Qj)|φ(k)
i (Qi)φ

(f)
j (Qj)〉|, as a measure of

the transition probability. However, our aim is to formulate a direct method that does

not require the calculation of the vibrational wave function between each stage of PES

construction. Arguably, by neglecting the weighting factor (and thus the accessibility of

the mode–mode coupling), we may overestimate the coupling strength of some couplings.

However, we cannot miss any of the strong couplings since, at worst, the weighting factor

will only reduce their coupling strength.

Yagi et al.[62] proposed a fast scheme with a similar measure of the coupling strength,

which also uses a pre-screening of the PES with a computationally inexpensive method.

Part of the coupling-strength parameter is given by the absolute value of the sum of

the values of all grid points for each coupling PES (e.g. 2-D surface: ζ(PES) (Qi, Qj) =

1/22|
∑ngrid

ni,nj=1 V
(2)
ij (ni, nj)|). They also included a resonance condition for Fermi reso-

nances, which makes use of the harmonic frequencies. The total coupling strength is

the product of the resonance factor and the potential-energy factor. The PES is then

computed at different levels of theory (multi-resolution PES). Yet the accuracy of the

resonance criterion is highly dependent on the degree of anharmonicity of the PES in-

vestigated.

Therefore, we use our original approach described at the beginning of this section and

compute the coupling-strength parameter from the mode–mode coupling PES alone. We

do not take into account wave-function weighting or possible Fermi resonances in the

coupling selection.

2.3.4 Statistical evaluation of the coupling strength

The fast-VSCF method requires a reasonable choice of ζthr. Ideally, the threshold-

selection mechanism should be transferable and general. For small systems, ζthr can

be chosen manually, by visually selecting the stronger couplings from a given coupling

map. Empirically, we have found ζthr = 0.2 (20% of the maximum coupling strength)

to be a reasonable value[59, 60]. However, the total number of couplings selected in

this manner remains fairly arbitrary. If we consider the various mode–mode coupling
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strengths present in a given system, the strong couplings that are selected for a fast-

VSCF calculation are generally above-average events. In a statistical sense, the strong

couplings are outliers amongst the coupling population.

We suggest a general criterion for ζthr that is derived from statistical considerations,

namely box-and-whisker plots which is usually applied in exploratory data analysis[63].

A box-and-whisker plot, or box plot for short, is useful for depicting the spread, locality

and skewness of a given data set that follows a normal distribution.

The coupling population is symmetrized and the values of ζ are arranged in order

of increasing size. The lower and upper quartile, ζ0.25 and ζ0.75, are calculated. These

variables specify the value below which respectively 25% and 75% of the population can

be found. The difference between the upper and the lower quartile, the interquartile

range IQR, is given by:

IQR = ζ0.75 − ζ0.25 (2.47)

The lower fence, ζl, and the upper fence, ζu, are defined as:

ζl = ζ0.25 − 1.5 · IQR (2.48)

ζu = ζ0.75 + 1.5 · IQR (2.49)

The factor of 1.5 is commonly used for data that follows a normal distribution[63]. All

elements of the population that are below the lower fence, or above the upper fence, are

considered to be outliers. We use this definition of the extremal values and choose the

upper fence as the threshold value ζthr for the fast-VSCF calculation:

ζthr ≡ ζu (2.50)

An example of a coupling population analyzed using a box plot is shown in Fig. 2.3.

Since this criterion implies that the coupling data resembles a normal distribution, we

perform a statistical test of the coupling-strength distribution to ascertain its similarity

to a normal distribution. This is accomplished by calculating the excess kurtosis, γ2, of

the coupling population, which is a measure of the degree of peakedness of a distribution,

and thus is related to the separation of weak and strong couplings:

γ2 =
µ4

µ2
2

− 3 (2.51)
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where µ4 is the fourth central moment, and µ2 the variance. For a normal distribution,

the excess kurtosis should be zero, and thus γ2 is a measure of the normal character of a

given distribution. If γ2 > 0, the distribution has a high peak and flat tails (leptokurtic),

and if γ2 < 0 the distribution has a flat peak and broad shoulders (platykurtic). A lep-

tokurtic coupling population is convenient for the identification of the strong couplings,

because weak and strong couplings are well separated from each other, and the majority

of the couplings are weak. However, if the coupling-strength distribution is less peaked

than a normal distribution, it has a large IQR and the statistical dispersion of the data

is wide. In that case, the couplings cannot be easily separated into strong and weak

couplings, and the threshold selection is ambiguous. If γ2 > 0, which is the case for all

of the molecular systems we studied, we can use the box-plot scheme introduced above.

Since our criterion for ζthr is based on a statistical approach, in order to be reliable,

the population must have a reasonable number of elements. Our tests show that the

system should have more than 60 mode–mode couplings and that therefore our method

is applicable to molecules of six atoms or more.

2.4 Electronic-structure methods

The methods typically used in quantum chemistry can be divided into wave-function

based and density-based methods.

Wave-function based methods attempt to calculate the electronic wave function[64].

They are based on the Hartree-Fock (HF) or SCF (self-consistent field) method. Here,

the electronic wave function is represented as a Slater determinant, which contains the

one-electron spin orbitals, and obeys the Pauli exclusion principle (antisymmetry of the

wave function). The Schrödinger equation is solved self-consistently until convergence

of the total energy. The HF method is a mean-field approach and does not take into

account electron correlation (lack of dynamic correlation due to the averaging in the

Coulomb operator, and lack of static correlation due to the use of a single determinant

as wave function). However, due to the antisymmetry of the Slater determinant, electron

exchange is treated exactly.

To account for dynamic correlation, a perturbative treatment can be performed. This

is done in the MP2 method (Møller-Plesset second order perturbation theory). How-

ever, the MP2 method is not variational. It is also possible to include correlation using

configuration interaction (CI). Full CI, where all Slater determinants of the proper sym-

metry are included in the variational procedure, yields the numerically exact solution

21



2 Theory

of the Schrödinger equation for the given basis set. Nevertheless, a full CI treatment

is computationally not feasible even for small systems, and truncated CI (e.g. CISD –

singles-doubles CI) is not size-consistent, which means that the correlation energy con-

verges to zero with increasing system size. The Coupled Cluster (CC) techniques are

size-consistent, though computationally expensive.

Static correlation can be included via a multi-determinantal ansatz for the electronic

wave function, as in multiconfiguration SCF (MR-SCF), CASSCF (Complete Active

Space SCF), or multi-reference CI (MRCI).

Density-based methods aim at constructing the electron density[33, 65]. Density func-

tional theory (DFT), which is used in most applications in this thesis, has been very

successful in the recent years and is discussed below.

2.4.1 Density functional theory

Density functional theory is widely used in the physicists and chemists community. Its

main advantage is its low computational cost compared to ab initio electronic structure

methods. The electron density ρ(r) is a probability density and defined as

ρ(r) =

∫
|Ψ(r)|2dr (2.52)

where Ψ(r) is the wave function of the system. The wave function depends on 3n

variables, three spatial coordinates for each of the n electrons (4n taking into account

the electron spin), whereas ρ(r) depends only on the three dimensions of space. The

electron density vanishes for large r and integrates to the total number of electrons:

lim
r→∞

ρ(r) = 0 (2.53)∫
ρ(r)dr = n (2.54)

The density-functional formalism is built based on the Hohenberg-Kohn theorems[66].

The first Hohenberg-Kohn theorem states that the ground-state electronic density ρ0

uniquely defines the external potential Vext (no two external potentials Vext and V ′ext

can yield the same electron density); for a molecule, the external potential contains the

electron-nucleus and nucleus-nucleus interaction. Thus, ρ0 determines the Hamiltonian,

and therefore the ground-state energy E0 and all other properties. The ground-state

energy is therefore a universal functional of the ground-state electron density. The
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second theorem says that the ground-state electron density is variational. However, this

is only true for the exact energy functional. Usually, approximations are used for the

universal functional, so that the energy computed can be lower than the true ground-

state energy.

The universal energy functional E0[ρ0] is separated into a known and an unknown

part. The energy functional reads

E0[ρ0] = T [ρ0] + VH [ρ0] + Exc[ρ0] + VNe[ρ0] (2.55)

Here, T [ρ0] is the kinetic energy functional, VH [ρ0] the Hartree potential, Exc[ρ0] the

exchange-correlation functional and VNe[ρ0] the potential due to the electron-nucleus

attraction. VNe[ρ0] is system-dependent:

VNe[ρ0] = −
N∑
A

∫
ZAρ(r)

|RA − r|
dr (2.56)

The only remaining known term of the energy functional is the Hartree potential, which

contains the classical electron–electron Coulomb interaction:

VH [ρ0] =
1

2

∫ ∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 (2.57)

The kinetic energy functional is evaluated using the Kohn-Sham (KS) approach[67]. In

this approach, the kinetic energy is calculated using a reference system represented in

single-electron states. This reference system is made up of n non-interacting electrons

(non-charged Fermions), for which the exact wave function is a Slater determinant ΦSD

as in the HF scheme. The kinetic energy of this fictitious system can be calculated

exactly using the one-electron orbitals ϕi(r):

TS = −1

2

n∑
i

〈ϕi(r)|∇2
i |ϕi(r)〉 (2.58)

The KS Hamiltonian contains the kinetic energy of the non-interacting reference system

and a local effective potential VS. The one-electron orbitals are minimized such that

they yield the electron density of the target system:

ρ0 =
n∑
i

|ϕi(r)|2 (2.59)
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Here, the ϕi (and thus ρ0) are subject to a minimization procedure of the total energy

under the constraint of normalization:[
−1

2
52
i +vH(r) + vxc(r) + vNe(r)

]
ϕi(r) = εiϕi(r) (2.60)

These are the Kohn-Sham equations. The effective one-electron potential vS is thus

given by

vS(r) = vH(r) + vxc(r) + vNe(r) (2.61)

where

vxc(r) =
δExc[ρ0]

δρ0

(2.62)

is the exchange-correlation potential. The remainder of the kinetic energy TC [ρ] of the

interacting system is included into the unknown exchange-correlation part. The Kohn-

Sham energy functional reads

EKS
0 [ρ0] =

n∑
i

εi + Exc[ρ0]−
∫
vxc(r)ρ0(r)dr− VH [ρ0] + VNe[ρ0] (2.63)

The KS orbitals, ϕi(r), have no strict physical meaning other than that their squares add

up to the exact electron density. Nevertheless, they fulfill the self-consistent solution of

the KS equations, in which they are associated with a one-electron potential. Compared

with the HF orbitals, which are obtained from a correlation-free potential and which

do not yield the exact electron density, the KS orbitals are in a sense more meaningful.

The eigenvalues εi however enter the KS equation as Lagrange multipliers without any

physical relevance; only the eigenvalue of the HOMO is related with the ionization

potential IP via Koopmans’ theorem[65]. This follows from the long-range asymptotic

behaviour of the electron density. Since most approximate density functionals fail in

the description of the long-range characteristics of ρ(r), ionization energies are often

poor[68]. The KS eigenvalues εi are often interpreted as one-particle energies, and are

very useful in the determination of band structures in solid-state applications[33].

The KS approach is in principle exact, however, since the form of the exact exchange-

correlation functional is not known, approximations have to be made. Exc contains

the correction to the kinetic energy of the interacting system, the correction for the

self-interaction, and the non-classical electron-electron interaction Encl:

Exc[ρ0] = TC [ρ0] + Encl[ρ0] =

∫
ρ0(r)εxc[ρ0]dr (2.64)
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and can also be written in terms of the one-electron exchange-correlation energy, εxc[ρ0].

In order to find a realistic approximation for the exchange-correlation functional, it

is important to understand the basic properties of the exchange-correlation functional.

For this it is useful to introduce the hole formalism. If an electron is at position r1,

the probability to find another electron at r2 close to r1 is diminished: One speaks of

”holes” around the electrons. The exchange-correlation hole is defined as the difference

between the electron density of these two electrons at r1 and r2 interacting with each

other and the completely uncorrelated case:

hxc(r1; r2) =
ρ2(r1, r2)

ρ(r1)
− ρ(r2) (2.65)

with the pair-density (the probability of finding electron 1 at r1 and electron 2 at r2)

ρ2(r1, r2) = n(n− 1)

∫
· · ·
∫
|Ψ(r)|2dr3 . . . drn (2.66)

The exchange-correlation hole usually has a negative sign, and it integrates to -1 (to the

charge of one electron), which is known as sum rule:∫
hxc(r1; r2)dr2 = −1 (2.67)

For large distances, the exchange-correlation hole becomes zero

lim
|r1−r2|→∞

hxc(r1; r2) = 0 (2.68)

It can formally be split into the Fermi (parallel spin, σ1 = σ2) and Coulomb hole:

hxc(r1; r2) = hσ1=σ2
x (r1; r2) + hσ1,σ2

c (r1; r2) (2.69)

Using the coupling-strength parameter λ, the coupling-strength integrated exchange-

correlation hole for the interacting system is defined as (adiabatic connection)

h̄xc(r1; r2) =

∫ 1

0

hλxc(r1; r2)dλ (2.70)

and the exchange-correlation energy becomes

Exc[ρ0] =
1

2

∫ ∫
ρ0(r1)h̄xc(r1; r2)

|r1 − r2|
dr1dr2 (2.71)
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The exchange-correlation energy is formally split into an exchange Ex and a correlation

energy Ec

Exc[ρ0] = Ex[ρ0] + Ec[ρ0] (2.72)

The functional derivative of Ex and Ec yields the exchange and correlation potentials

vx(r) and vc(r)

vxc(r) =
δEx[ρ0]

δρ0

+
δEc[ρ0]

δρ0

= vx(r) + vc(r) (2.73)

Fermi hole: The Fermi hole is the dominating part of the exchange-correlation hole and

is purely due to the antisymmetry of the electronic wave function. The Fermi hole

integrates to -1 and thus contains no self-interaction. It is negative everywhere,

and its shape depends on the electron density at r2. This has the effect that the

Fermi hole can be rather diffuse, and it is not necessarily the largest in the vicinity

of the reference electron.

Coulomb hole: Since the total exchange-correlation hole and the Fermi hole both inte-

grate to -1, the Coulomb hole must integrate to zero, thus it does not contain any

charge. The Coulomb hole is negative and largest at the position of the reference

electron, because it originates from the 1/r12 electrostatic interaction which keeps

the electrons apart from each other.

It is important to note that although both components of the hole are delocalized, the

sum of the two – the total hole – is localized. Only if the Fermi and the Coulomb hole

are combined, the exchange-correlation hole has the correct shape. The separation is

convenient for the treatment of exchange and correlation, however, one has to keep in

mind that only the complete hole has a real physical meaning.

One problem of DFT is the self-interaction. In a one-electron system, there should be

no electron-electron interaction present. The spurious Coulomb interaction of the density

with itself is exactly cancelled by the exact exchange in the HF scheme. However, in the

KS formalism this is generally not the case, since the approximate exchange functionals

which are used are not connected with the Coulomb interaction.

There is a large number of approximations available for the exchange-correlation func-

tional. These approximations are divided into several classes, depending on their func-

tional form. However, one of the main disadvantages of the DFT approach is that there

is no systematic way of improving approximate exchange-correlation functionals, unlike

in wave-function based methods. There are a few physical constraints which a reasonable

density functional has to fulfill:
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• sum rules

• cusp condition of the correlation hole at r12 = 0

• asymptotic behaviour of vx = −1
r

• asymptotic behaviour of the long-range electron density

Nevertheless, functionals that strictly meet these requirements are not necessarily better

than others that do not. There are two main approaches toward the construction of

approximate exchange-correlation functionals: One is by trying to fulfill as many criteria

as possible, the other is by fitting parameters to a set of experimental data.

Local spin-density approximation

In the local (spin-)density approximation (LDA or LSD), the exchange-correlation energy

depends only locally on the electron density:

ELSD
xc [ρ↑, ρ↓] =

∫
ρ(r)εunif

xc (ρ↑(r), ρ↓(r)) dr (2.74)

Here, εunif
xc (ρ↑, ρ↓) is the exchange-correlation energy per particle of a uniform electron

gas with spin densities ρ↑ and ρ↓. This quantity can be computed exactly with quantum

Monte Carlo calculations[69], and has been parametrized for convenient use[70]. The

LSD performs well for solid-state applications, where the electron density varies slowly,

also since it fulfills many of the formal prerequisites of a functional such as the sum rule.

However, for molecules it results in a notorious overbinding. This failure of the LSD for

molecules is not surprising, since the electronic density of a molecule is usually far from

homogeneous.

Generalized gradient approximation

To avoid the shortcoming of the LSD and include also information about the local change

of the electron density, the generalized gradient approximation (GGA) was introduced.

Here, the gradient of the electron density at a given point r is included in the integral.

These functionals are therefore called semilocal or quasi-local.

EGGA
xc [ρ↑, ρ↓] =

∫
ρ(r)εGGA

xc (ρ↑, ρ↓,∇ρ↑,∇ρ↓) dr (2.75)
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The form of εGGA
xc has been proposed in many different ways, which resulted in a large

number of GGA functionals, of which a few are listed here:

PBE: The non-empirical PBE functional was developed by Perdew, Burke and Ernzer-

hof[71]. This functional was constructed to keep all the correct properties of the

LSD while adding others. One particular important property in applications on

metals is the correct homogeneous electron-gas limit (HEG) for slowly varying

densities[72]:

εGGA
xc (ρ↑, ρ↓, 0, 0) = εuniform

xc (ρ↑, ρ↓) (2.76)

This condition is satisfied by the PBE functional.

BLYP: This functional combines Becke’s exchange functional[73] and the Lee, Yang

and Parr correlation functional[74]. The exchange functional is determined by a

fit to exact-exchange energies of six noble-gas atoms. The correlation functional

contains four semiempirical parameters, obtained from a fitting to the helium atom.

In quantum chemistry, this correlation functional is very popular; however, it does

not reduce to the correct HEG limit, and the correlation energy vanishes for any

completely spin-polarized system. The latter is correct for a one-electron system,

but incorrect otherwise.

HCTH: The Hamprecht, Cohen, Tozer and Handy exchange-correlation functional[75]

is highly parametrized and contains 18 semi-empirical parameters. It was obtained

by a fit to a large set of empirical data of atoms and small molecules (total atomic

energies, molecular atomization energies, and nuclear gradients at equilibrium ge-

ometries).

OPBE: One of the combinations of exchange and correlation functionals we tested in

our work is the combination of OPTX exchange[76] with the PBE correlation

functional. The OPTX exchange functional was parametrized to reproduce the

HF energies of the atoms from H to Ar.

Meta-GGAs

Meta-GGAs (MGGAs) include additional inhomogeneity information such as higher-

order gradient corrections, in particular Laplacians∇2ρσ, and/or kinetic energy densities

τσ, with spin σ =↑ or ↓.

EMGGA
xc [ρσ] =

∫
ρ(r)εMGGA

xc

(
ρσ,∇ρσ,∇2ρσ, τσ

)
dr (2.77)
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The TPSS functional[77], which was used in this work, depends on the kinetic energy

density which is defined as

τσ(r) =
1

2

occ∑
i

|∇φiσ(r)|2 (2.78)

Thus, MGGAs which depend on the kinetic energy density are explicitly orbital-depen-

dent. Including corrections based on the kinetic energy into the exchange-correlation

functional are legitimate, since the exchange-correlation energy contains kinetic energy

due to the Tc term. For slowly varying densities, τσ and ∇2ρσ contain the same infor-

mation, since the gradient of the kinetic energy density depends on the Laplacians of

the electron density. The Laplacians of the density correct regions with nearly uniform

density, such as the midpoints of chemical bonds[78]. Correlation functionals using τσ

reduce the self-interaction error or can even be self-interaction free[79]. Furthermore, τσ

simulates varying exact exchange[80].

Since the explicit functional form for the kinetic energy density in dependence on the

electron density is not known, the evaluation of MGGA’s is not straightforward. Often,

the τσ corrections are treated in a post-SCF manner. Also for functionals using the

Laplacians, finer grids and more iterations are needed for the self-consistent solution of

the KS equations[78].

Hybrid functionals

As already mentioned above, the contributions of the Fermi hole to the exchange-

correlation hole are much larger than the ones of the Coulomb hole. Thus, since the

exchange energy Eex
x in the Hartree-Fock formalism is exact, the idea is to use the HF

exchange and combine it with KS correlation (hybrid functionals). However, an inclu-

sion of 100% exact exchange leads to a worse description of the molecular properties

than with standard GGAs. This failure comes from the fact that the contributions from

the exchange hole and the correlation hole are both delocalized, where the total hole

is localized (because of a cancellation). When combining exact exchange with a GGA

correlation, the exchange hole is delocalized but the correlation hole is not, and thus the

approximation to the total hole is incorrect. If GGA exchange and correlation are used,

both the exchange and correlation hole are local as is the total hole.

One approach to this problem is utilizing the coupling-strength parameter λ from

the adiabatic connection[65]. At λ = 0, the exchange-correlation hole consists of only

the exchange part and is thus delocalized. Therefore, it seems reasonable to use the

exact exchange to describe the exchange-correlation hole for λ = 0. Going from the
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non-interacting to the interacting system by increasing λ corresponds to ”turning on”

the correlation hole, and the total hole becomes more and more localized. If Exc is

assumed to depend linearly on λ, and one uses the LSD exchange-correlation for the

interacting system, one obtains the so-called ”half-and-half” hybrid functional proposed

by Becke[81]

EHH
xc =

1

2
Eex

x +
1

2
ELSD

xc (2.79)

Becke extended this approach by introducing three semi-empirical parameters to deter-

mine the weights of the various components in this scheme[82]:

EB3
xc = ELSD

xc + a
(
Eex

x − ELSD
x

)
+ bEB

x + cEPW91
c (2.80)

The amount of exact exchange is determined by a, while b and c determine the amount of

gradient corrections to the LSD exchange-correlation energy. Through a fit to the G2 test

set, these parameters were determined as a = 0.2, b = 0.72 and c = 0.81. If the PW91

correlation is replaced by LYP, then one obtains the popular B3LYP functional[83].

Perdew and co-workers proposed another mixing scheme, the PBE0 functional[84, 85],

with the mixing parameter based on theoretical considerations:

EPBE0
xc = EPBE

xc + 0.25
(
Eex

x − EPBE
x

)
(2.81)

While hybrid functionals perform very successful for applications on molecular sys-

tems, they fail to properties of d metals such as atomization energies: The inclusion of

exact exchange leads to an artificial stabilization of spin-polarized states, and therefore

to an overestimation of the exchange splitting[72, 86].

2.4.2 Performance of the density functionals

The aforementioned functionals have been tested for various applications, e. g. by Kurth

et al.[87], Wright et al.[88] and Kresse and co-workers[86]. The difficulty in studying

adsorbates on metal surfaces is that one part of the system is localized, with a varying

electron density, and the other part contains a very homogeneous, slowly varying density.

It is a challenge for density functionals to fulfill both requirements at the same time;

functionals that are typically used in quantum chemistry such as B3LYP and HCTH

fail in the description of metals[72, 87], when functionals meant to describe extended

systems like PBE perform badly for molecules[89].

One reason for the failure of density functionals is the incorrect long-range behavior
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of the exchange-correlation functionals[65, 90] as a result of the self-interaction error:

The exchange-correlation potential decays exponentially, where it should follow a −1/r–

behavior, and vanishes at large distances completely. The potential thus decays too

fast, and as a result is less attractive as the real potential for large distances. The

long-range exchange contribution is the dominant contribution to this error, since the

correlation part is much more short-ranged. This long-range behaviour of the exchange

potential is important for the correct description of the virtual states; often, in adsorbed

systems, the HOMO-LUMO gap (energetic difference of lowest unoccupied and highest

occupied molecular orbital) must be predicted correctly to obtain a quantitative and

even qualitative correct description of the adsorption[91, 92]. In the well-studied case

of CO adsorption on transition-metal surfaces, e.g. the Pt(111) surface, the most stable

adsorption site predicted by theory is different from the adsorption site found in the

experiment: According to standard generalized-gradient density-functional approxima-

tions, the CO molecule adsorbs at the hollow site, while in the experiment, the molecule

is found to adsorb at the top position. The hollow site is at least 100 meV more stable

in DFT than the top site[91]. The adsorption of CO on transition metal surfaces is

described by the Blyholder model[93]: The non-bonding 5σ CO HOMO hybridizes with

the dz2-metal states to form a σ-bond, and a charge back-donation takes place from the

metal into the 2π∗-orbital of the adsorbate. When the molecule is adsorbed at the top

site, the dz2 - σ-interaction is stronger than at the hollow site, where for geometrical

reasons the 5σ orbital mainly interacts with the dxy- and dx2+y2-states. However, at the

top site, the π-back-donation is weaker than at the hollow site. Thus, the 5σ-bonding

contribution favors the top site, whereas the 2π∗-back-donation bonding contribution

favors the hollow site. For the correct description of the favoured adsorption site, the

5σ - 2π∗ gap, the HOMO-LUMO gap of the CO molecule, needs to be described cor-

rectly in order to predict the subtleties of the bond formation. Shifting the LUMO

energy upwards, the top adsorption site is obtained with a standard GGA[91]. Similar

observations have been made by Fabiano et al. for the description of the adsorption of

thiols on Au(111)[92], using different density-functional approximations.

Functionals like B3LYP, which generally predict larger HOMO-LUMO gaps, yield the

correct adsorption site a priori : In hybrid functionals, where an amount, dependent on

the parameter a, of exact exchange is mixed into the functional, the exchange poten-

tial is improved compared to standard GGAs, yielding a −a/r-dependence. To further

circumvent problems arising from this error, range-separated functionals have been pro-

posed, where exact exchange is mixed into the functional, at a different percentage for
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long and short ranges (e.g. LC-ωPBE [94, 95]), in order to obtain the correct long-range

behaviour.

2.4.3 Harris functional

The Harris energy functional[96, 97], EHarris, is an approximate energy functional for

the calculation of ground-state electronic properties. It is based on the KS energy

functional[98], but is non-self-consistent. It is implemented in many electronic-structure

programs, and also used to obtain a first guess for the self-consistent iteration (in e.g.

Gaussian03[99]). We use it here as a computationally cheap method for pre-screening

the PES.

In the Harris scheme, the input or reference electron density ρin(r) is constructed by

overlapping the frozen atom densities ρl(r):

ρin(r) =
N∑
l

ρl(r) (2.82)

where N is the number of atoms. The reference density is used to compute the effec-

tive potential and solve the Kohn-Sham equations. This leads to eigenfunctions ϕi(r)

and eigenvalues εi. The total energy of the system is then given by the Harris energy

functional

EHarris[ρin] =
n∑
i

aiεi + Exc[ρin]−
∫
υxc(r)ρin(r)dr− VH [ρin] + VNe[ρin] (2.83)

Here, the ai are occupation numbers. It has been shown that the Harris energy functional

is not minimal but stationary[100] at the true ground-state density, and that it takes

the same value as the KS energy functional at the self-consistent density. The quality

of the result obtained from the Harris functional thus depends on the quality of the

trial density, and works best for systems with small electronegativity differences (small

difference between trial and true density).

Note that the Harris energy functional is not limited to a particular exchange–correla-

tion functional; however, the local density approximation (LDA)[70, 101] is most fre-

quently used. Several tests have been carried out in which accurate total energies were

obtained using the Harris functional (see Ref. [102], for example). Furthermore, the

Fireball method[103], which is based on a local-orbital density-functional tight-binding

formalism, uses a modified expression of the Harris functional. In the Fireball method,
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the Harris functional is employed self-consistently, using the orbital occupation numbers

as variables in the iterative procedure. This method has been applied successfully to a

wide variety of systems[104, 105, 106].

2.4.4 Periodic density functional theory

In systems with translational symmetry like crystals, the electrostatic potential of the

Hamiltonian is periodic. The periodic wave function is expressed in plane waves, mod-

ulated by a periodic function with the lattice periodicity:

Ψk(r) = uk(r)eikr (2.84)

where k is the wave vector. Such a periodic wave function obeys the Bloch theorem and

is therefore also called a Bloch function.

In the atomic core region, the atomic wave function varies rapidly due to the large at-

tractive potential of the nucleus, and it is necessary to use many high-energy plane waves

to describe this behaviour. One way to handle the situation is to make use of pseudo po-

tentials: The core-electron wave functions are pre-calculated in an atomic environment

and kept frozen in the course of the remaining calculations. Generally, the core electrons

are replaced by a pseudo potential with a smooth pseudo-wave function ϕpseudo, which

reduces the number of plane waves necessary for an accurate description (see Fig. 2.4).

This situation reflects the chemical picture that the core electrons hardly participate

in the bonding. The pseudo potential is a pseudo- and not a true potential since it is

dependent on the energy eigenvalues of the core and valence states. Norm-conserving

pseudo potentials integrate to the number of electrons within the core region and thus

reproduce the charge within the pseudo potential region correctly. One drawback of this

approach is that it still requires a relatively large number of plane waves for the smaller

atoms like oxygen or aluminum: Their pseudo- and all-electron wave functions are very

similar, and their valence electrons are still fairly localized within the core region, thus

requiring a large number of plane waves for an accurate description.

In the projector augmented-wave method (PAW) [107, 108], the norm-conserving con-

straint is removed by utilizing augmentation charges in the core region. The whole

space is divided into the augmentation region with the augmentation radius rC , and

the interstitial region between the atoms. The all-electron wave function is constructed

from a combination of partial-wave functions which act in the different regions. The

transformation from the pseudo- to the all-electron (AE) wave function is defined for

33



2 Theory

4
Radial distance from the nucleus (Å)

A
m

pl
itu

de
 (a

.u
.)

3s all-electron wave function
3s pseudo-wave function

0 1 2 3 5 6

Figure 2.4: 3s all-electron wave function (solid line) and pseudo-wave function (dashed
line) (taken from the Goedecker-Teter-Hutter pseudopotential for sulfur op-
timized for OPBE).

the valence electrons n as:

|Ψn〉 = |Ψ̃n〉+
sites∑
lmε

(|ϕlmε〉 − |ϕ̃lmε〉) 〈p̃lmε|Ψ̃n〉 (2.85)

Here, each partial wave |ϕlmε〉 has a corresponding pseudo-partial wave |ϕ̃lmε〉 and |p̃lmε〉
projector function. |Ψ̃n〉 is the pseudo-wave function, and |Ψn〉 the all-electron Kohn-

Sham wave function. l and m are the angular and magnetic quantum numbers, and

ε the reference energy. The pseudo-partial wave functions are expanded in reciprocal

space using plane waves, and the partial-wave functions are the solutions to the radial

Schrödinger equation for a spherical reference atom. The value and derivative of the

pseudo-partial wave and partial-wave functions coincide at rC :

ϕ̃lmε(r) = ϕlmε(r) for |r| ≥ rC (2.86)

The real, strongly oscillating partial-wave functions in the core region are mapped onto

smooth pseudo-wave functions with a linear transformation. The transformation acts

only in the augmentation region. Thus, the all-electron wave function |Ψn〉 is composed

of three parts: (i) The pseudo-wave function |Ψ̃n〉; (ii) the sum of the pseudo-partial

wave functions |ϕ̃lmε〉 in the augmentation region and (iii) the sum of the partial-wave

functions |ϕlmε〉 in the augmentation region. There is no norm-conserving constraint on
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2.4 Electronic-structure methods

the pseudo-wave functions, and in order to obtain the correct long-range electrostatic

interaction between different atomic sites, a soft compensation charge is introduced.

In the PAW method, the character of any pseudo-wave function Ψ̃n on an atomic site

can be calculated by multiplication with the projector function from that site:

clmε = 〈p̃lmε|Ψn〉 (2.87)

Since the PAW method employs very smooth potentials, it requires a lower plane-wave

cutoff energy for an accurate description than norm-conserving pseudo potentials. In

addition to that, the PAW pseudo-wave functions retain the correct nodal behaviour,

which is not the case in standard pseudo-potential approaches.

Another method for the representation of periodic systems which was used in this work

is the Gaussian and plane waves method (GPW)[109]. Here, the Kohn-Sham orbitals are

represented using Gaussians, where only the valence electrons are treated explicitly and

the core-electrons are replaced by pseudo potentials. The charge density is represented

using plane waves. Using Gaussian-type orbitals (GTOs) for the KS orbitals simplifies

the evaluation of the KS matrix elements, while the plane-wave representation of the

charge density enables a very efficient evaluation of the Hartree and exchange-correlation

energy.

One of the main advantages of plane waves as a basis is that they do not lead

to basis set superposition (BSSE) errors, since the whole space is filled with plane

waves and therefore the description of any point in space equally accurate. The PAW

method was used here in its implementation as frozen-core (FC) method in Vasp[110].

The GPW calculations were performed using Goedecker, Teter, Hutter (GTH) pseudo

potentials[111, 112] and the Cp2k program[113].

2.4.5 Computational task farming and grid computing

For the construction of the PES, a large number of SPE calculations of an electronic-

structure program are necessary. All of these SPE calculations are independent from

each other and can thus be computed simultaneously on different machines. For the

computations, four computer clusters with different queueing systems were used:

• Apple Mac cluster using xgrid,

• TheoChem cluster using torque,

• bwGRiD[114] cluster using torque,
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• Opteron cluster using torque.

If jobs are submitted to xgrid, the queueing system itself distributes the tasks to the

agents and starts new tasks once there is a free agent. For the torque queueing systems,

scripts had to be set up which handle the job submission.

• Xgrid: A complete 1-D or 2-D surface is submitted to xgrid and run simultaneously

on the agents; once the tasks are finished, a new surface is submitted.

• Torque: Two options are implemented. Each surface can be submitted one after

the other, and ngrid points are computed successively, where the wave-function

can be restarted from the previous point. This is usually done on the TheoChem

cluster. Or all points can be submitted at the same time, and then the queueing

system handles the task distribution. This is the way how the PES is calculated

on bwGRiD, where each node has eight processors, so that eight calculations are

performed in each job.

Without the automatization and parallelisation of the PES construction, systems of the

size we are dealing with would computationally not be accessible. For example, the

4-MPy/Au(111) system with the adsorbate at the bridge position contains 39 normal

modes (if the Au atoms which are directly connected to the sulfur atom are included

in the partial Hessian analysis). For a PES construction using ngrid = 16, 624 SPE

calculations are necessary for the 1-D PES, and 189,696 SPE calculations are required

for the 2-D PES (39 · 38/2 mode–mode couplings, each of them uses 16 · 16 grid points).

In a pre-screening using the Harris functional, if each of the Harris energy functional

evaluations takes 25 seconds, the complete surface generation in serial with the Harris

functional would take 79300 min or 1322 h or 55 d. If all 1-D and all 2-D calculation are

run in parallel, but one surface at a time, the total PES construction takes 325 min or

5 h 25 min. The computational effort for the parallel calculation is no longer so heavily

dependent on the system size, but more on the computation time of one SPE calculation.
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3 Adsorbate vibrations

The main differences of the vibrational properties of an adsorbed molecule in comparison

to its gas-phase analogue are due to its local confinement on the surface. The fact that

the molecule is now fixed in space brings up additional vibrational modes, the frustrated

rotations and translations, where the molecule rotates and translates as a whole relative

to the surface (Figure 3.1). Thus, instead of 3N − 6 (N number of atoms, 3N − 5

for linear molecules) vibrational degrees of freedom, the molecule possesses 3N normal

modes. The frustrated rotations and translations lie energetically at the lower end of

the spectrum, and are thus thermally accessible even at low temperatures; e.g. if we use

relation1

E =
3

2
kBT (3.1)

a frustrated translation with 100 cm−1 excitation energy can already be excited at 97 K.

Depending on the strength of the interaction and the surface symmetry, some of the frus-

trated rotations or translations can become proper vibrational modes; if the frequency is

high compared to kBT , then the mode is well described as a new vibrational mode[115].

The change of the normal mode vibrations of an adsorbate in comparison to its gas

phase counterpart also depends on the type of adsorption. If the molecule interacts

(a) (b)

Figure 3.1: New modes of frustrated translation (a) and frustrated rotation (b) appear
when a molecule is adsorbed on a surface.

1E = excitation energy, kB = Boltzmann constant (8.1617 · 10−5 eV/K), T = temperature

37



3 Adsorbate vibrations

weakly with the surface and is physisorbed, the vibrational modes likely bear a di-

rect relationship to the gas phase vibrations with little perturbation. However, if the

adsorbate-surface interaction is strong and the molecule is chemisorbed, the surface rep-

resents a strong perturbation to the potential of the molecule, leading to significant

changes of the vibrational motion. Often, the vibrational frequencies shift to lower en-

ergies upon adsorption, since the bonds within the adsorbate are weaker than in the

gas-phase molecule.

A further aspect which influences the vibrational frequency is the vibrational coupling

between vibrational modes of the adsorbate and phonon modes of the lattice. If the

masses of adsorbate atoms and substrate atoms are similar, a strong coupling of the

vibrational modes can occur. This may go as far as the crystal having 3N new degrees

of freedom (e.g. OH chemisorbed on a silica crystal). In the case of a weak coupling,

when the lattice vibrations are in a different frequency range from those of the adsorbate,

it is justified to speak of the 3N vibrations localized on the adsorbate.

For metal surfaces, a coupling between the electronic states of the surface and the

vibration of the adsorbate can also influence the vibrational behaviour: If there is an

adsorbate-induced resonance present in the density of states of the metal, the vibration

of the adsorbate can modulate the energy of this resonance. If this resonance is close

to and below the Fermi level, this state can become filled and emptied as the molecule

vibrates[116]. Such a periodic shift of the energy of electronic states can lead to a lifetime

broadening of the vibrational transition of the molecule, and also to frequency shifts.

The vibrational behaviour of an adsorbate is also strongly dependant on the coverage.

At high coverage, the vibrational modes can be described as phonon modes if the coupling

between the vibrations in different unit cells is strong enough. The coupled vibrational

modes are then described by the relationship of their phases, or by the wave-vector of

the associated phonon. The degree of the dispersion of the phonon wave depends on

the extent of the vibrational coupling between adjacent unit cells. If the adsorbates

are symmetry-related, the vibrational coupling is resonant. The coupling can occur

with an in-phase and out-of-phase motion of the adsorbates. This leads to factor group

splitting: more than one vibrational frequency is observed for one particular normal

mode. In IR, Raman and EELS, only the modes with a net dynamic dipole moment/net

induced dynamic dipole moment, which are the in-phase phonons, can be observed. The

magnitude of the shift of this frequency gives an insight into the surrounding of the

adsorbate and its intermolecular interactions.

The anharmonic mode–mode couplings between adsorbates are most commonly medi-
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3.1 Experimental techniques for measuring adsorbate vibrations

ated by dynamic dipole coupling[117]. This dipole coupling occurs when the vibrational

mode has a non-zero dynamic dipole moment; the oscillating dipole moment couples to

the neighbouring dipole moments. The coupling mechanism scales as µ2, and therefore

decays with the distance R as 1/R3. When the adsorbates are very close to each other,

static interaction can also mediate a coupling. While the dipole coupling requires a reso-

nance condition to be fulfilled, which is the strongest for adsorbates of the same species,

the static coupling does have no such prerequisites.

When the coverage is high, and phonon modes occur, the phonon dispersion depends

on the dephasing. Vibrational dephasing describes the loss of well-defined phase rela-

tionships among an ensemble of excited molecules. This phenomenon is due to resonant

intra- and intermolecular transfer of energy to other modes, especially low-frequency

modes. Additionally, energy transfer from the reservoir can occur, and if the substrate

is metallic, the excitation of electron-hole pairs can lead to a further dephasing. The

extend of the dephasing depends on the magnitude of the anharmonic coupling between

the modes[118]. The dephasing, together with lifetime and inhomogeneous broadening,

is responsible for the lineshape of vibrational spectra of adsorbates, and is temperature-

dependant.

Overtone transitions, where more than one quantum is absorbed or emitted, can

also occur for adsorbed species and are mediated by anharmonic effects: First of all,

the deviation of the potential from a harmonic one allows overtone transitions, and

anharmonic self-coupling effects also play a role. Combination bands, where quanta are

simultaneously excited in different modes usually show much weaker intensities, since the

anharmonic coupling is smaller. Overtones are usually bound states, where combination

bands often display the vibrational continuum[117].

Up to now, not many anharmonic vibrational calculations of adsorbates have been

performed. Most of the studies deal with very small systems, such as the hydrogen-

terminated Si(111) surface[119], and focus on predicting linewidth and temperature-

dependence[117, 119, 120, 121].

3.1 Experimental techniques for measuring adsorbate

vibrations

One advantage of vibrational spectroscopy on surfaces over other surface-sensitive spec-

troscopies is the vast amount of data already collected for the gas phase, liquid and solid

systems, where the concept of group frequencies plays an important role. Selection rules
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3 Adsorbate vibrations

can be established for the different spectroscopic techniques.

3.1.1 Reflection adsorption infrared spectroscopy (RAIRS)

The selection rules for gas-phase infrared spectroscopy also apply for adsorbates, with

some additions for metal surfaces. The electrons of metals are highly mobile and (partial)

charges at a metallic surface possess an image charge mirrored in the metal. The dipole

moment of a molecule can thus be enhanced (moment perpendicular to the surface)

or screened (moment parallel to the surface). This means that only vibrational modes

with a component of the dynamic dipole moment perpendicular to the surface will be

observed in the RAIRS spectrum.

δ+

δ−
µ

δ+

δ−

δ+δ−

µ

δ+ δ−

adsorbate

substrate

(a) (b)

Figure 3.2: Modes with a transition dipole moment perpendicular to the metal surface
are IR active (a), while modes with a transition dipole moment parallel to
the surface are IR inactive (b).

3.1.2 Surface enhanced Raman spectroscopy (SERS)

Also for Raman spectroscopy on surfaces, the selection rules derived from standard

Raman spectroscopy apply. Analogue to IR spectroscopy on surfaces, for metal sur-

faces only polarizability changes perpendicular to the surface can be observed, since

the parallel components are screened by the metal electrons. However, since Raman

measurements are performed in the visible range of the electromagnetic spectrum, the

modulation frequency of the electric field is much higher than in IR spectroscopy. At

this frequency range, the response of the metal electrons to the electric field is not ideal,

and one can thus expect these rules to be less rigorous than in the IR measurement.
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3.1 Experimental techniques for measuring adsorbate vibrations

The giant enhancement of the Raman intensity observed in SERS is primarily due to

an electric field enhancement by the surface. This enhancement is due to the excita-

tion of surface plasmons (the plasmons here are collective oscillations of an ensemble of

electrons). The UV light excites localized surface plasmons in the metal, where the en-

hancement of the electric field is the largest for resonant frequencies of incident radiation

and plasmon frequency.

3.1.3 Electron energy loss spectroscopy (EELS)

Here, an electron beam of a few eV energy is directed at a surface, and the electrons are

scattered from the surface and lose some of their energy to the adsorbate in an inelastic

scattering process, exciting vibrational motion. This energy transfer is mediated by a

long-range interaction between the electric field of the electron and the dynamic dipole

moment of the adsorbate. In this inelastic scattering process, the electrons are scattered

in forward direction (close to specular direction) and can then be detected. Since this

energy transfer is mediated by the dynamic dipole interaction with the electric field, the

same metal-surface selection rules apply as for IR and Raman spectroscopy.

A secondary mechanism can mediate the energy transfer, the impact scattering, and

appears with much weaker intensity in the spectrum. It is a shorter-range interaction

and not confined to the forward direction, so that it can be observed off the specular

direction, where the inelastic scattering is suppressed. Here, slightly different selection

rules apply.

At present, the usefulness of EELS is limited due to its poor resolution.

3.1.4 Inelastic electron tunneling spectroscopy (IETS)

In inelastic electron tunneling spectroscopy, the energy transfer is mediated by electrons,

therefore no simple or general selection rules can be established. Basically, the response

of the system to charge transfer is measured, which makes IET spectra very interesting

in the context of molecular electronics applications. Optically forbidden transitions are

visible in the IETS, and overtone and combination transitions can be excited[7, 122],

though these show a rather weak intensity[123]. Propensity rules have been established

by Troisi and Ratner[124]: Vibrations which perturb the favorite transport channel the

most will have the highest intensity. In a system like 4-mercaptopyridine, this would

correspond to the ring stretches and the ring deformations, where the CH stretches and

bends should have little influence, since the tunneling is mediated via the π-orbitals of
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3 Adsorbate vibrations

the ring system.

One advantage of IETS is that the vibration of only a single molecule is measured.

Furthermore, the topology can also be recorded, and for large molecules, the IET spec-

trum can also be recorded at different positions above the molecule.

3.2 Vibrational calculations of adsorbates on surfaces

There are two possible approaches to vibrational calculations of adsorbates on surfaces:

Either, one can assume that the surface will contribute to the vibration of the adsorbate,

such that a vibrating ”supermolecule“ is formed; or, the surface can have a ”static“

influence on the vibrations, such that the PES of the adsorbate is different from the one

in the gas phase, but the adsorbate and surface dynamics do not couple significantly. The

former will be the case for very small, e.g. monatomic adsorbates, and similar masses of

adsorbate and surface atoms (as in OH on SiO2). The latter concerns e.g. the adsorption

of organic molecules on transition metal surfaces, such as 4-mercaptopyridine (4-MPy)

on Au(111). Here, the vibrational treatment is relatively simple: The masses of the

surface atoms can be treated as infinite, which reduces the vibrational problem to only

the dimensions of the adsorbate (partial Hessian)[125]. This approach can be utilized in

cluster calculations as well as in calculations using periodic boundary conditions.

If the adsorbate and substrate vibrations interact strongly, and surface atoms partic-

ipate in the vibrational motion of the adsorbate, the partial Hessian approach is not

suitable. It is possible to include all surface atoms in the vibrational analysis; however,

such a treatment can be computationally very demanding, and as a result yields a large

number of normal modes of which many are localized in the substrate and not interesting

for the vibrational analysis of the adsorbate. A technique, which does not restrict the

vibrational space a priori by explicitly excluding dimensions is the mode-tracking proto-

col developed by Reiher and co-workers[126]. Here, the harmonic vibrational eigenvalue

equation is solved iteratively for a few selected eigenvectors. The method requires an

initial guess for the desired normal mode, which can be for example the eigenvector from

a partial Hessian analysis. This vector is then improved iteratively using a Davidson

scheme. The method has been applied to the thiophenolate-Ag system[127] and is also

implemented in Cp2k. The downside of this methodology in the context of a subsequent

VSCF calculation is the definition of the ”coupling“ space – those normal modes which

will anharmonically couple to the selected normal modes. It could be interesting to apply

the mode-tracking protocol not to the harmonic but the VSCF eigenvalue equation.
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Since for the systems studied in this work, the mass differences of adsorbate and

substrate atoms are large (acetylene on copper: m(Cu)/m(C) = 5.3; 4-MPy on gold:

m(Au)/m(S) = 6.2), only the partial Hessian technique is used.

3.2.1 Partial Hessian technique

In the partial Hessian technique[125], the Hessian matrix is split into two parts, where

one part is calculated explicitly and the matrix elements of the other part are set to zero.

The full 3N -dimensional space is divided into an “active” and an “inactive” subspace.

One set of atoms is allowed to move and the other set is frozen in the Hessian calculation.

The Hessian matrix is organized such that the active and the inactive atoms form each

one block on the diagonal, and the off-diagonal elements contain the coupling terms

between active and inactive atoms:

Hfull =

(
A AS

SA S

)
(3.2)

where A stands for the active adsorbate, and S for the inactive substrate. Only A is

calculated by displacing each atom in x-, y-, and z-direction and calculating the energy

(fully numerical approach) or the gradient (semi-numerical approach) for that geometry.

Block A is then diagonalized, yielding 3NA normal modes and frequencies, where NA is

the number of active atoms.

Diagonalizing only A corresponds to setting blocks AS (= SA) and S to zero and

diagonalizing the full Hessian matrix (which would then be the direct product of matrix

A and the zero matrix). In a physical sense, this means that fragment S has an infinite

mass, since the Hessian matrix is mass-weighted.

The partial Hessian technique is justified only if fragment S is heavy compared to

fragment A, which is the case in surface calculations where fragment A contains the

adsorbate atoms and S the surface atoms; or more general, if the modes examined

are localized in one part of the system. If selected surface atoms are included in the

active fragment, as has been done in this work, the system is vibrationally more relaxed

than when all surface atoms are excluded. In general, the eigenvectors and -values

of the partial Hessian will show a convergence to the eigenvectors and -values of the

full Hessian with respect to the number of surface atoms included (with an increasing

coupling between the two fragments included in the Hessian). One further advantage of

the partial Hessian approach is that the system needs only to be partially optimized for
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the vibrational analysis – the approximation of the potential-energy term by the second

derivatives of the energy with respect to the atomic positions is still valid if only the

active part of the system is optimized. However, the vibrational frequencies and normal

modes of a partial Hessian from a fully optimized and a partially optimized system

may still be different, since the interaction between active and inactive fragment, and

therefore the geometry of the active part, may change.

3.3 Anharmonicity of adsorbate vibrations

Despite the intrinsic anharmonicity of the 1-D potential, a fully anharmonic treatment

of adsorbates on surfaces at low coverage should contain

• the anharmonic coupling between vibrational modes of the adsorbate,

• the anharmonic coupling between vibrational modes of the adsorbate and phonon

modes of the surface,

• the anharmonic coupling between vibrational modes of the adsorbate and adsorbate-

induced resonant electronic states of the surface close to the Fermi level.

Previous anharmonic vibrational calculations of adsorbates have been performed by Bow-

man and co-workers, using the VSCF method[128, 129]. The authors have studied the

CO/Cu(100)-system using a mixed empirical/semiempirical PES constructed by Tully

et al.[130]. Only the anharmonic coupling between vibrational modes of the adsorbate

was considered (with the exception of one Cu atom). The anharmonic treatment results

in a vibrational frequency shift of 30 cm−1 for the CO stretch compared to the harmonic

frequency.

Other calculations have been performed using ab initio molecular dynamics[131].

Many previous studies on the vibrational behaviour of adsorbates on surfaces were fo-

cused on the calculation of (temperature-dependent) line shapes[117, 119, 120, 121]. An

explicitly anharmonic treatment of adsorbate vibrations in a fully quantum-mechanical

way is non-standard. In this work, the PES used for the vibrational calculation is ob-

tained from quantum chemical calculations, so that the electronic states of the surfaces

are explicitly included. Furthermore, vibrational coupling between modes of the adsor-

bate is allowed, and also vibrational coupling between adsorbate vibrations and phonon

modes is partly accounted for due to the inclusion of surface atoms in the normal-mode

analysis. Only the vibrational transition frequencies are discussed but not the width of

the vibrational peaks, nor the anharmonic effects on the peak intensities.
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method

In the following, the accuracy of the method is tested: This includes a test of the

Harris functional as pre-screening method, and an evaluation of the fast-VSCF scheme

in combination with the box plot analysis for the selection of the threshold of the strong

couplings. First, these are tested on the methanol molecule (MeOH) in the gas phase

– methanol is a relatively small molecule, so that the tests are computationally not

too demanding, while it still has a sufficient number of mode–mode couplings for the

box-plot statistics to be applicable.

The combined Harris/box-plot scheme is then applied to mercaptomethane (MeSH)

and pyridine (Py). These two molecules contain all the functional groups which are

present in the 4-MPy molecule, while accurate experimental data is available for these

molecules in the gas phase which is not the case for 4-MPy. The anharmonic vibra-

tional calculations on MeSH and Py will give an estimate of the accuracy at which the

anharmonic frequencies can be predicted using our method. The accuracy of the cal-

culation is influenced by the accuracy of the electronic-structure method and basis set,

by using of the pairwise approximation of the potential, by the neglect of mode–mode

couplings in the fast-VSCF approach, and by the neglect of rovibrational coupling in

the Hamiltonian.

The method is then applied to 4-MPy, for which no high-resolution gas-phase exper-

imental transition frequencies are available to our knowledge. However, experimental

spectra on the bulk material and the molecule in solution are available. A problem

complicating the experimental spectra is that 4-MPy undergoes a thione–thiol tau-

tomerism, with the thione form being the preferable structure in the crystalline state

and in solution[132]. We exclusively treat the thiol form, however, since our exploratory

calculations at the MP2/TZP level showed that the thiol form is 0.28 eV more stable in

vacuum than the thione form.
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4.1 Harris functional as pre-screening method

4.1.1 Methanol

The reliability of the Harris functional is tested on the methanol molecule (MeOH). We

construct a MP2/SBK(d,p) PES, a PM3 PES and a Harris functional PES, using the nor-

mal modes obtained from a MP2/SBK(d,p) Hessian calculation (“PM3@MP2/SBK(d,p)”

and “Harris@MP2/SBK(d,p)”). For details on the computation, see Appendix A1. All

three coupling populations are analyzed statistically, and the corresponding histograms

and box plots are shown in Fig. 4.1. The excess kurtosis γ2 is 11.3 for the MP2 coupling

population, 9.5 for PM3 and 11.4 for Harris. These values indicate that the separation of

strong and weak couplings is more distinct for both MP2 and Harris than it is for PM3.

Furthermore, the values of γ2 for the MP2 and Harris coupling populations are very close

to each other. This indicates that the MP2 and Harris coupling-strength distributions

have a similar shape. However, this does not imply that the ordering of the couplings is

the same for MP2 and Harris.

(a) MP2/SBK(d,p) (b) PM3@MP2/SBK(d,p)

ζ (normalized and symmetrized)
–1.0 –0.5 0.0 0.5 1.0

(c) Harris@MP2/SBK(d,p)

–1.0 –0.5 0.0 0.5 1.0–1.0 –0.5 0.0 0.5 1.0

γ2=11.3 γ2=9.5 γ2=11.4

ζ (normalized and symmetrized)ζ (normalized and symmetrized)

Figure 4.1: Histograms and box plots for the normalized and symmetrized pair-coupling
potential measure, ζ, for MeOH from a MP2/SBK(d,p) Hessian. The val-
ues of ζ are obtained from a PES calculation with (a) MP2/SBK(d,p),
(b) PM3 (“PM3@MP2/SBK(d,p)”), and (c) the Harris functional (“Har-
ris@MP2/SBK(d,p)”). The fit to a normal distribution is shown on the plot
by a dashed line.

Using the upper fence as the threshold, we identify seven outliers for MP2, eight

for PM3 and eight for Harris. The corresponding mode–mode couplings for each PES

are taken into account in order to perform three fast-DCVMP2 calculations using the

MP2/SBK(d,p) PES.

The coupling maps obtained for the MP2, PM3 and Harris PES are shown in Fig. 4.2.

Qualitatively, all three maps exhibit the same coupling pattern, except for the low-
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(a) MP2/SBK(d,p) (b) PM3@MP2/SBK(d,p) (c) Harris@MP2/SBK(d,p)

Figure 4.2: Mode–mode coupling maps constructed for MeOH, using the normal
modes from a MP2/SBK(d,p) Hessian. The PES was evaluated with (a)
MP2/SBK(d,p), (b) PM3 and (c) the Harris functional. The values of the
pair-coupling strength, ζ, are colour-coded from white (ζmin) to black (ζmax).
The selected couplings for a fast-VSCF calculation are indicated by white
dots.

frequency region in the PM3 coupling map: here, a stronger coupling is predicted be-

tween modes 2 and 3, and between modes 2 and 5. However, the strongest couplings of

the MP2 coupling map are reproduced by both PM3 and Harris. The couplings selected

for fast-DCVMP2 using the MP2 coupling map are also selected when using the Harris

coupling map, with an additional coupling between modes 6 and 11. The PM3 coupling

map leads to a slightly different coupling pattern: here, two additional couplings are se-

lected (between modes 1 and 9, and between modes 4 and 9), and the coupling between

modes 7 and 11 is omitted. The respective thresholds for the three coupling popula-

tions are: ζ
MP2/SBK(d,p)
thr = 19%, ζ

PM3@MP2/SBK(d,p)
thr = 24% and ζ

Harris@MP2/SBK(d,p)
thr = 18%.

From the excess kurtosis, the coupling pattern selected and the threshold values, it is

evident that the coupling population calculated with the Harris functional is very similar

to the one calculated with MP2. The PM3 coupling population does not reproduce the

MP2 coupling population as accurately.

Fast-DCVMP2 calculations are performed for all three coupling patterns using the

MP2/SBK(d,p) PES, and the results are shown in Table 4.1 together with the full

DCVMP2 frequencies and symmetry labels for the molecule in Cs symmetry.

First, we compare the fast-DCVMP2 frequencies obtained using the couplings from the

MP2/SBK(d,p) PES with the full DCVMP2 frequencies. We find that ν9, the asymmet-

ric CH stretch, has the largest absolute deviation (MAXAD), at 86 cm−1. The mean ab-

solute deviation (MAD) for the spectrum is 29 cm−1, and the root-mean-square deviation
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4 Evaluation of the accuracy of the method

DCVMP2 fast-DCVMP2
PM3@ Harris@

Mode MP2/SBK(d,p) MP2/SBK(d,p) MP2/SBK(d,p)
ν1(A

′) 12 3643 3645 3646 3645
ν2(A

′) 11 3057 3102 3132 3085
ν3(A

′) 9 2948 2951 2950 2948
ν4(A

′) 8 1473 [1515] [1515] [1515]
ν5(A

′) 6 1451 [1486] [1486] 1462
ν6(A

′) 5 1328 1292 1293 1292
ν7(A

′) 3 1076 [1076] [1076] [1076]
ν8(A

′) 2 1010 993 995 993
ν9(A

′′) 10 2960 3046 3073 3043
ν10(A

′′) 7 1464 1475 [1502] 1474
ν11(A

′′) 4 1151 [1188] 1189 [1188]
ν12(A

′′) 1 312 282 293 282
MAD 0 29 35 25

MAXAD 0 86 113 83
RMSD 0 37 47 34

Table 4.1: Full DCVMP2 and fast-DCVMP2 vibrational frequencies for MeOH in cm−1,
at the MP2/SBK(d,p) level of theory. The coupling-strength parameter ζ is
calculated from a MP2/SBK(d,p), a PM3, and a Harris functional PES. The
threshold ζthr for the fast-DCVMP2 calculation is selected from box plots.
Uncoupled (diagonal) frequencies are displayed in square brackets. MAD
(MAXAD) is the mean (maximum) absolute deviation, and RMSD the root-
mean-square deviation, from the full DCVMP2 frequencies.

(RMSD) is 37 cm−1. In the case of the couplings selected from a PM3@MP2/SBK(d,p)

coupling map, the frequencies obtained are less accurate. The MAXAD is very large

(113 cm−1) and occurs again for ν9. The MAD is 35 cm−1, and the RMSD is 47 cm−1.

For the fast-DCVMP2 calculation from the Harris@MP2/SBK(d,p) coupling map, we

also obtain the MAXAD for ν9 (83 cm−1). This approach has the lowest MAD (25 cm−1)

and RMSD (34 cm−1) of all three fast-DCVMP2 calculations. The new threshold cri-

terion reduces the number of mode–mode couplings significantly, by almost 90% (see

Fig. 4.2). The average difference in the transition frequencies caused by neglecting weak

mode–mode couplings with Harris or MP2 is less than 30 cm−1. We expect the error

to decrease with increasing system size, since the statistical evaluation of the coupling

strength is more suited to a large population (a larger number of couplings), where the

separation of strong and weak couplings is expected to be more distinct.
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4.2 Fast-VSCF with couplings selected from a box plot

4.2 Fast-VSCF with couplings selected from a box plot

Mercaptomethane

A summary of the vibrational frequencies for mercaptomethane (MeSH) is given in Ta-

ble 4.2 (for a full list of these frequencies, see Table A1 in the appendix). Calculations

were performed at the MP2/TZP level of theory and assuming a Cs symmetry for the

molecule. Overall, the harmonic frequencies show a large deviation from experiment

(MAD = 104 cm−1, MAXAD = 211 cm−1, RMSD = 125 cm−1). The diagonal fre-

quencies ν̃diag too deviate significantly from the experimental data (MAD = 106 cm−1,

MAXAD = 282 cm−1, RMSD = 131 cm−1).

The mode–mode coupling potential is computed using the Harris functional along with

the normal modes obtained from the MP2/TZP Hessian. We calculate the coupling-

strength parameter, and construct a box plot for the coupling population (see Fig. 4.3).

The threshold for fast-DCVMP2 is selected from the box plot, with a computed ζthr

corresponding to 19% of the coupling strength of the strongest coupling. The excess

kurtosis of the distribution is positive (γ2 = 7.7).

The fast-DCVMP2 results include 13 mode–mode couplings out of a possible 66.

Modes ν6 and ν8 are not coupled to any other modes (Fig. 4.3). A comparison of all
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(a) Coupling map MeSH 
(Harris@MP2/TZP)

(b) Box plot MeSH (Harris@MP2/TZP)

γ2=7.7

ζ (normalized and symmetrized)

Figure 4.3: (a) Coupling map and (b) histogram and box plot for MeSH from a
MP2/TZP Hessian. The values of ζ are obtained from a PES calculation
with the Harris functional. The fit of the coupling population to a normal
distribution is shown on the plot by a dashed line, and the excess kurtosis
amounts to γ2 = 7.7.
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4 Evaluation of the accuracy of the method

Mercaptomethane
ω̃ ν̃diag ν̃fast−DCVMP2 ν̃DCVMP2

MAD 104 106 37 30
MAXAD 211 282 61 55
RMSD 125 131 40 34

Pyridine
ω̃ ν̃diag ν̃fast−DCVMP2 ν̃DCVMP2

MAD 95 79 36 33
MAXAD 321 237 153 128
RMSD 127 104 50 44

Table 4.2: Deviations for the calculated harmonic, diagonal, fast-DCVMP2 and full
DCVMP2 frequencies for mercaptomethane and pyridine (MP2/TZP) from
experiment[133, 9]; in cm−1. MAD (MAXAD) is the mean (maximum) abso-
lute deviation, and RMSD the root-mean-square deviation.

frequencies at the fast-DCVMP2 level with the experimental values results in a MAD

of 37 cm−1, a MAXAD of 61 cm−1 and a RMSD of 40 cm−1.

In order to evaluate the accuracy of our chosen electronic-structure method (MP2/TZP)

and other approximations such as the pairwise approximation, we compute the com-

plete 2-D surface and the full DCVMP2 frequencies ν̃DCVMP2. The MAD and RMSD for

the full DCVMP2 results are 30 cm−1 and 34 cm−1, respectively, and the MAXAD is

55 cm−1. Thus, the error due to the electronic-structure method, the choice of basis set,

the omission of three-body and higher terms in the PES expansion, and the exclusion of

rovibrational coupling, is on average 30 cm−1 for this system. Comparing the MAD of

the fast-DCVMP2 calculations with that of the full DCVMP2 calculations shows that

neglecting couplings only leads to an additional 7 cm−1 deviation from the experimental

data. We obtain a five-fold acceleration of the 2-D PES construction, and the vibrational

part of the fast-DCVMP2 calculation takes only 78% of the time of the full DCVMP2

calculation.

Pyridine

We carry out the same analysis for pyridine (Py, in C2v symmetry), at the MP2/TZP

level of theory. The results are summarized in Table 4.2 (for a full list of frequencies,

see Table A2 in the Appendix). The harmonic frequencies have a MAD of 95 cm−1 from

experiment and the RMSD is significantly larger than the MAD (127 cm−1). We ob-

serve that the results show a strong bias, since the predicted frequencies for the in-plane

modes of A1 and B1 symmetry are too high, and those predicted for the out-of-plane
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4.2 Fast-VSCF with couplings selected from a box plot

modes of A2 and B2 symmetry are too low. The out-of-plane CC and CH bend ν11 ex-

hibits the largest absolute deviation, at 321 cm−1. It has been shown that out-of-plane

vibrations of π systems are strongly dependent on the number of polarization functions

present in the basis set[134, 135]. Thus, we believe that the deviation observed is due

to the limited polarization of the TZP basis set. To investigate the effect of including

double polarization functions in the basis set, we carried out a geometry optimization

and Hessian calculation with the TZ2P basis set. While the harmonic frequencies of all

in-plane modes are lowered by 10–20 cm−1, the out-of-plane modes are shifted to much

higher frequencies by up to 300 cm−1. On average, the predicted harmonic frequencies

for the modes of A2 and B2 symmetry increase by 134 cm−1. However, the CH-stretch

frequencies are still 200 cm−1 too high compared to experiment. This illustrates the

effect of polarization functions on out-of-plane vibrations; however, the additional com-

putational cost incurred by the presence of additional polarization functions prevents us

from using the larger TZ2P basis set for the rest of the anharmonic treatment.

The deviation of the diagonal frequencies from the experimental data is significant

(MAD = 79 cm−1, MAXAD = 237 cm−1 and RMSD = 104 cm−1).
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(a) Coupling map Py (Harris@MP2/TZP) (b) Box plot Py (Harris@MP2/TZP)

γ2=28.1

Figure 4.4: (a) Coupling map and (b) histogram and box plot for Py from a MP2/TZP
Hessian. The values of ζ are obtained from a PES calculation with the Harris
functional. The fit of the coupling population to a normal distribution is
shown on the plot by a dashed line, and the excess kurtosis amounts to
γ2 = 28.1.
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4 Evaluation of the accuracy of the method

We use the Harris functional and the normal modes from the MP2/TZP Hessian

to compute the mode–mode coupling potential. We calculate the coupling-strength

parameter and construct a box plot for the coupling population (see Fig. 4.4). The

excess kurtosis of the coupling population is very high, at 28.1, and the fast-DCVMP2

threshold is 8% of the maximum coupling strength; this leads to the inclusion of 56

couplings in the vibrational calculation. Modes ν4, ν8, ν10, ν16, ν17, ν21, and ν22 are not

coupled to any other modes. We obtain a MAD of 36 cm−1, a MAXAD of 153 cm−1 (ν19,

in-plane CH bend and CC/CN stretch) and a RMSD of 50 cm−1 from experiment. The

full DCVMP2 performs similarly, with MAD = 33 cm−1, MAXAD = 128 cm−1 (ν19)

and RMSD = 44 cm−1. We obtain a six-fold acceleration for the 2-D PES construction,

and the fast-DCVMP2 calculation takes only 51% of the time of the full DCVMP2

calculation.

4.3 Tests on 4-Mercaptopyridine

4.3.1 Accuracy of the fast-DCVMP2 calculation with

Harris@MP2/TZP

The calculated frequencies and assigned normal-mode vibrations of 4-MPy for a Cs sym-

metry at the MP2/TZP level of theory are listed in Table 4.3. We use the Harris func-

tional and the normal modes from the MP2/TZP Hessian to compute the mode–mode

coupling potential. We calculate the coupling-strength parameter ζ and construct a

box plot for the coupling population in order to determine the threshold for the fast-

DCVMP2 calculation (see Fig. 4.5). The coupling-strength distribution has a very high

peak – the excess kurtosis is γ2 = 36.1 – and the threshold for the strong couplings is 6%

of the strongest coupling. This leads to a fast-DCVMP2 with 76 mode–mode couplings

instead of 435. Note that modes ν18, ν19 and ν20 are not coupled to other modes.

For the torsional mode ν30, we obtain a large negative correction from the DCVMP2

treatment, leading to a negative frequency for this mode. We believe that a perturbative

treatment is not justified for this mode, since it is strongly coupled to the other modes

in the system and thus does not fulfill the perturbation criterion. The occurrence of

such issues when using a rectilinear normal-mode description of torsional coordinates is

well-known[136]. We calculate the VCI frequency for this mode and obtain a value of

94 cm−1, which shows that a perturbative approach is inappropriate in this case.

In Table 4.3, we compare our calculated frequencies with experimental transition fre-
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Figure 4.5: (a) Coupling map and (b) histograms and box plot for 4-MPy from a
MP2/TZP Hessian. The values of ζ are obtained from a PES calculation
with the Harris functional. The fit of the coupling population to a normal
distribution is shown on the plot by a dashed line, and the excess kurtosis
amounts to γ2 = 36.1.

quencies, which were obtained from Raman spectra on 4-MPy powder[137, 138]. Baldwin

et al.[137] assigned their experimental frequencies by comparison with 4-chloropyridine

and benzenethiol, whereas Zhang et al.[138] compared experimental results with scaled

harmonic-frequency calculations on the thione form of 4-MPy in a complex with two

water molecules. Since we are investigating the vibrations of the thiol form, the assign-

ments of Ref. [137] are more consistent with our results, and we use those frequencies

for a comparison. We obtain a MAD of 19 cm−1 for the fast-DCVMP2 frequencies com-

pared to the experimental frequencies of Ref. [137]. Note that we include the CH-stretch

frequencies from Ref. [138] in our comparison, since these were not given in Ref. [137].

The mean absolute deviation of the calculated and experimental CH-stretch frequencies

alone is MAD = 12 cm−1. In the 4-MPy powder, there is an equilibrium between the

thione and thiol forms, and so the SH stretch is not clearly distinguishable in the Raman

spectra, but a mixture of SH and NH vibrations gives a broad band between 2500 cm−1

and 2900 cm−1[137]. Thus, we cannot compare transition frequencies for the vibrational

motion of the SH group.

We observe that the diagonal and harmonic frequencies of modes ν18, ν19 and ν20 are
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4 Evaluation of the accuracy of the method

Mode ω̃ ν̃fast−DCVMP2 ν̃aexp ν̃bexp

ν1(A
′) 30 CH stretch 3248 3082 · · · 3099

ν2(A
′) 29 CH stretch 3244 3071 · · · · · ·

ν3(A
′) 28 CH stretch 3222 3070 · · · 3082

ν4(A
′) 27 CH stretch 3219 3058 · · · 3051

ν5(A
′) 26 SH stretch 2774 2651 · · · · · ·

ν6(A
′) 25 CC stretch 1628 1629 1617 · · ·

ν7(A
′) 24 CC, CN stretch 1599 1601 1604 · · ·

ν8(A
′) 23 CH bend; CC, CN stretch 1522 1485 1478 · · ·

ν9(A
′) 22 CH bend; CC stretch 1460 1441 1459 · · ·

ν10(A
′) 21 CH bend; CC, CN stretch 1387 1376 1394 · · ·

ν11(A
′) 20 CH bend; CN stretch 1356 1344 1290 · · ·

ν12(A
′) 19 CH bend; CN stretch 1266 1234 1250 · · ·

ν13(A
′) 18 ring breathing; CS stretch 1153 1145 1106 · · ·

ν14(A
′) 17 CH rock; CC stretch 1124 1105 1080 · · ·

ν15(A
′) 16 CNC trigonal breathing 1093 1088 1045 · · ·

ν16(A
′) 15 ring breathing 1012 1010 990 · · ·

ν17(A
′) 14 SH bend 943 896 901 · · ·

ν18(A
′) 10 CS stretch; CC bend 716 [716] 721 · · ·

ν19(A
′) 9 CNC, CCC rock 676 [676] 647 · · ·

ν20(A
′) 5 ring breathing; CS stretch 410 [410] · · · · · ·

ν21(A
′) 3 SH, CS bend 275 256 · · · · · ·

ν22(A
′′) 13 CH bend 820 873 · · · · · ·

ν23(A
′′) 8 CH bend 675 856 · · · · · ·

ν24(A
′′) 12 CH bend 802 852 · · · · · ·

ν25(A
′′) 11 CH bend 744 791 790 · · ·

ν26(A
′′) 7 CH, CC, CN bend 562 667 · · · · · ·

ν27(A
′′) 6 CC, CN bend 417 468 471 · · ·

ν28(A
′′) 4 CH, CC bend 320 386 · · · · · ·

ν29(A
′′) 2 ring deformation 166 151 · · · · · ·

ν30(A
′′) 1 HS bend (torsion) 49 (−47) · · · · · ·

Table 4.3: Harmonic, fast-DCVMP2 and experimental frequencies (a[137], b[138]) for
4-MPy (MP2/TZP), and normal-mode assignments; in cm−1. Uncoupled (di-
agonal) frequencies among the fast-DCVMP2 frequencies are shown in square
brackets. The fast-DCVMP2 frequency for torsional mode ν30 is negative,
due to an overcorrection in the perturbative treatment (see text).

identical. This suggests that these three vibrational modes – in-plane-bending, rocking

and ring-breathing modes – are very harmonic in nature. Moreover, our ζthr selection

method does not identify any significant mode–mode couplings for these three modes,

thus indicating that they are nearly independent from the rest of the modes present in
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4.3 Tests on 4-Mercaptopyridine

the system.

The deviation of the harmonic frequencies from experiment ranges from MAD =

30 cm−1 (comparing with Ref. [137]) to MAD = 159 cm−1 (comparing with Ref. [138]).

For the frequencies obtained with our scheme, the range of the deviation is much smaller

(12 cm−1 to 19 cm−1).

4.3.2 Gaussian and plane-wave basis sets for 4-mercaptopyridine

At the harmonic level, several tests were performed in order to evaluate the impact of

the basis set on the vibrational frequencies for 4-MPy in the gas phase. In the case of

pyridine, a significant basis set effect for the out-of-plane vibrations at the MP2 level

of theory was obtained. In order to investigate if such large effects are also found for

4-MPy, calculations were carried out with Gaussian03, Gamess-us, and Vasp using

different density-functional approximations. The results for Gaussian and Gamess

are expected to be very similar, since in both a TZP basis set was used. In the Vasp

calculations, PAW potentials were used, and since the plane-wave basis is more complete,

the difference between the Gaussian and the plane wave basis should indicate if a basis-set

effect is present for this system. In Fig. 4.6, the MD, MAD and RMSD for the different

harmonic-frequency analyses with respect to the experimental values from Table 4.3 is

presented.

For all the three functionals used here – PBE, PAW and LDA – the deviations with
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Figure 4.6: Comparison of the deviations of harmonic and experimental frequencies for
4-MPy, using different basis sets and density-functional approximations with
different electronic-structure programs. MD is the mean deviation, MAD the
mean absolute deviation, and RMSD the root-mean-square deviation.
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4 Evaluation of the accuracy of the method

respect to experiment are very insensitive to the basis set and density-functional ap-

proximation used. The MADs obtained with the PAW method are slightly smaller, and

the MDs are slightly more negative. The largest deviations are obtained for the CH

out-of-plane bends with up to −22 cm−1, and the CH stretches with at most 20 cm−1

(PBE and PW91), and 35 cm−1 (LDA). The basis-set dependence is thus very small.

If the harmonic vibrational frequencies of the DFT calculations are compared with the

ones from MP2/TZP calculation on 4-MPy, very large differences are obtained for the

out-of-plane vibrational frequencies, where the MP2 result is always lower. These all

indicate that the out-of-plane vibrations are much less basis-set dependent in DFT than

in the MP2 calculations. It is known that DFT is less stringent on the basis-set size,

since the basis only plays in indirect role in the KS scheme where it is only required for

the construction of the charge density[65].

4.3.3 (Fast-)VCIPSI calculations with PBE/PAW

Since in the periodic calculations of 4-MPy on the Au(111) surface, the PBE density

functional approximation with PAW potentials is used, the accuracy of this method is

tested on 4-MPy. Here, a full and fast-VCIPSI calculation is performed, where the pre-

screening was done using the Harris functional, and the couplings are selected from a

box plot (Fig. 4.7). The threshold is set to ζthr = 7%, and 72 couplings are included in

the fast-VCIPSI calculation. Modes ν20 and ν26 are not coupled to any other modes.

In Table 4.4, the full and fast-VCIPSI frequencies are listed. The ordering of the

frequencies changes slightly compared with MP2/TZP, since some of the out-of-plane

bends occur at higher frequencies. Mode 2, the SH torsion, shows very large corre-

lation effects in the fast-VCIPSI calculation, and becomes negative. This mode al-

ready proved problematic with MP2/TZP (section 4.3.1). From the comparison with

the experimental data, it becomes apparent that the CH stretches, and also the CC

stretches, are massively underestimated in the PBE/PAW calculations. Furthermore, a

comparison of the deviations of the harmonic and diagonal frequencies from experiment

(a[137], b[138]) reveals that the harmonic frequencies outperform the anharmonic ones.

The deviations of the harmonic frequencies with respect to experiment are: MADa(CH

stretches, ω̃) = 25 cm−1, RMSDa(CH stretches, ω̃) = 26 cm−1; MADb(others, ω̃) =

25 cm−1, RMSDb(others, ω̃) = 35 cm−1. Also the diagonal frequencies yield a smaller

MAD and RMSD than the (fast-)VCIPSI frequencies. This is due to the underestimation

of the stretching frequencies at the anharmonic level, and agrees well with the fact that

standard GGAs tend to underestimate the strength of chemical bonds (overestimate the
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Figure 4.7: (a) Coupling map and (b) histogram and box plot for 4-MPy from a
PBE/PAW Hessian. The values of ζ are obtained from a PES calculation
with the Harris functional. The fit of the coupling population to a normal
distribution is shown on the plot by a dashed line, and the excess kurtosis
amounts to γ2 = 30.9.

bond length). This effect is particularly pronounced for the light hydrogen atoms.

In Fig. 4.8, the harmonic and fast-VSCF/VCIPSI frequencies of 4-MPy, calculated

with Harris@PBE/PAW and Harris@MP2/TZP are compared to each other. The per-

cent deviation is computed as

wω̃ =
ω̃MP2 − ω̃PBE

ω̃PBE

· 100 (4.1)

wν̃ =
ν̃MP2 − ν̃PBE

ν̃PBE

· 100 (4.2)

At the harmonic level, the PBE frequencies are all lower than the MP2 ones, except for

the out-of-plane vibrations which are lower with MP2. It was shown before in section

4.3.2 that the out-of-plane vibrations in DFT are less sensitive to the size of the basis

set than with using MP2. Comparing the anharmonic frequencies computed with MP2

and with PBE, only some of the out-of-plane bends and the SH in-plane bend are at

lower frequencies with MP2 than with PBE; all other vibrational modes are at higher

frequencies with MP2. The largest relative deviations between the two methods are
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4 Evaluation of the accuracy of the method

ν̃fast−VCIPSI ν̃VCIPSI ν̃aexp ν̃bexp

ν1(A
′) 30 CH stretch 2965 2919 · · · 3099

ν2(A
′) 29 CH stretch 2955 2916 · · · 3082

ν3(A
′) 28 CH stretch 2911 2886 · · · 3051

ν4(A
′) 27 CH stretch 2895 2852 · · · · · ·

ν5(A
′) 26 SH stretch 2530 2533 · · · · · ·

ν6(A
′) 25 CC stretch 1586 1532 1617 · · ·

ν7(A
′) 24 CC, CN stretch 1569 1504 1604 · · ·

ν8(A
′) 23 CH bend; CC, CN stretch 1436 1435 1478 · · ·

ν9(A
′) 22 CH bend; CC stretch 1394 1361 1459 · · ·

ν10(A
′) 21 CH bend; CC, CN stretch 1295 1276 1394 · · ·

ν11(A
′) 20 CH bend; CN stretch 1307 1254 1290 · · ·

ν12(A
′) 19 CH bend; CN stretch 1191 1181 1250 · · ·

ν13(A
′) 18 ring breathing; CS stretch 1113 1102 1106 · · ·

ν14(A
′) 17 CH rock; CC stretch 1079 1063 1080 · · ·

ν15(A
′) 16 CNC trigonal breathing 1056 1037 1045 · · ·

ν16(A
′) 15 ring breathing 982 957 990 · · ·

ν17(A
′) 12 SH bend 955 818 901 · · ·

ν18(A
′) 8 CS stretch; CC bend 699 672 721 · · ·

ν19(A
′) 7 CNC, CCC rock 662 636 647 · · ·

ν20(A
′) 5 ring breathing; CS stretch [402] 399 · · · · · ·

ν21(A
′) 3 SH, CS bend 510 250 · · · · · ·

ν22(A
′′) 14 CH bend 957 949 · · · · · ·

ν23(A
′′) 13 CH bend 930 932 · · · · · ·

ν24(A
′′) 11 CH bend 829 842 · · · · · ·

ν25(A
′′) 10 CH bend 788 792 790 · · ·

ν26(A
′′) 9 CH, CC, CN bend [723] 701 · · · · · ·

ν27(A
′′) 6 CC, CN bend 482 469 471 · · ·

ν28(A
′′) 4 CH, CC bend 345 359 · · · · · ·

ν29(A
′′) 1 ring deformation 391 99 · · · · · ·

ν30(A
′′) 2 HS bend (torsion) (−118) 13 · · · · · ·

MADa(CH stretches) 134 170 0 0
RMSDa(CH stretches) 134 170 0 0
MADb(others) 30 47 0 0
RMSDb(others) 40 61 0 0

Table 4.4: (Fast-)VCIPSI and experimental frequencies (a[137], b[138]) for 4-MPy (Har-
ris@PBE/PAW and PBE/PAW), and normal-mode assignments; in cm−1.
Uncoupled (diagonal) frequencies are shown in square brackets.

obtained for the low-frequency vibrations, the ring deformation mode and the SH/CS

in-plane bend (modes 1 and 3). Mode 2 is excluded in part (b) of the Figure due to

its erroneously large correlation contributions in the fast-VCIPSI Harris@PBE/PAW
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4.3 Tests on 4-Mercaptopyridine
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Figure 4.8: Relative deviation of (a) harmonic and (b) fast-VCIPSI transition frequencies
of 4-MPy calculated with Harris@PBE/PAW and Harris@MP2/TZP. Mode
2 is excluded since it is erroneously large correlated in Harris@PBE/PAW.
Mode numbers from PBE/PAW.

calculation. The deviations are so large for the low-frequency vibrations because they

are given in percent. On an absolute scale, the largest differences are obtained for

the high-frequency CH stretches. Also, the normal modes of the low-frequency motion

deviate slightly for MP2 and PBE.

In order to analyze the difference between full and fast-VCIPSI frequencies, and the

magnitude of the anharmonic effect for the different vibrational modes, the 2-D and

correlation contributions to the anharmonicity are singled out. Here, relative deviations

are used with respect to the harmonic frequency. The relative amount (in %) of 2-D

anharmonicity for each mode at the full and fast-VSCF level is calculated according to

w2−D =
ν̃(fast−)VSCF − ν̃diag

ω̃
· 100 (4.3)

The percentage of correlation is calculated similarly

wcorr =
ν̃(fast−)VCIPSI − ν̃VSCF

ω̃
· 100 (4.4)

Thus, the percental contribution of the 1-D and the total anharmonicity are defined as

w1−D =
ν̃diag − ω̃

ω̃
· 100 (4.5)

wtotal =
ν̃(fast−)VCIPSI − ω̃

ω̃
· 100 = w1−D + w2−D + wcorr (4.6)

In Fig. 4.9, the anharmonicity contributions for the fast (Harris@PBE/PAW) and the
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4 Evaluation of the accuracy of the method

full VCIPSI calculation (PBE/PAW) for 4-MPy are shown. The 2-D anharmonicity

contributions w2−D are all negative, except for mode 1, the ring deformation. The

largest 2-D anharmonicity is obtained for the SH torsion (mode 2), which is expected

since this mode is badly described in rectilinear coordinates. At a displacement along

the torsion using rectilinear coordinates, the other normal modes are mixed into the

torsion, and thus couple strongly to it. The 2-D anharmonicity from the fast and the

full calculation is very similar. For mode 7, 8, and 9, there is no 2-D anharmonicity

obtained in the case of the fast calculation; one of these modes is not coupled at all.

In the case of mode 5 which is also not coupled in the fast calculation, also in the full

calculation no 2-D anharmonicity is obtained.

The correlation contributions wcorr to the anharmonicity are also mostly negative,

except for mode 26 (SH stretch), mode 12 (SH in-plane bend), mode 3 (CS/SH bend)

and mode 1 (ring deformation). In general, the correlation contributions are smaller

than the 2-D contributions. For mode 1, 2, and 3, very large correlation contributions

are obtained. Mode 12 (SH in-plane bend) shows large correlation effects, and also in

opposite directions for the fast and the full VCIPSI calculation.

Since the 1-D anharmonicity is the same for both, the deviations of the 2-D and

correlation contributions from the fast and the full calculation are combined in the

total anharmonicity wtotal. Summarizing, modes 7 to 9 are very harmonic in the fast

calculation, and modes 1 to 3 are generally badly described in both calculations. The

largest anharmonic effects occur for modes 1, 2, and 3, and the differences between the

fast and the full calculation on the other modes are small. The fast-VCIPSI approach

(a) 2-D anharmonicity
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Figure 4.9: Comparison of the anharmonicity contributions from full and fast-
VSCF/VCIPSI to the vibrational frequencies of 4-MPy. (a) 2-D anharmonic-
ity contributions, (b) correlation contributions.
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4.3 Tests on 4-Mercaptopyridine

thus is very appropriate here.

Summarizing, our method offers a good compromise between theoretical accuracy and

computational cost. The anharmonic vibrational frequencies of organic compounds can

be predicted at a good accuracy, both using MP2 or PBE as electronic-structure method,

and also both at the fast-GDMP2 and fast-VCIPSI level.
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5 Application: C2H2 on Cu(100)

The acetylene molecule was chosen in order to test the accuracy of the anharmonic vi-

brational calculation of an adsorbate, since accurate experimental data is available for

this molecule, and the molecule possesses stretching as well as bending vibrations. Many

studies have also been performed investigating the adsorption site of acetylene on differ-

ent transition metal surfaces (experimentally[139, 140, 141, 142] and theoretically[143,

144, 145, 146, 147]), since acetylene is involved in many catalytic processes, e.g. the

trimerization to form benzene. The structure of the free molecule and the adsorbate is

shown in Fig. 5.1. In the gas phase, the acetylene molecule is linear, with a triple bond

between the carbon atoms. On surfaces, acetylene adsorbs via both of the carbon atoms,

which leads to a rehybridization and distortion of the molecule. Experimentally, it has

been shown that acetylene adsorbs at the diagonal fourfold hollow site as depicted in the

Figure. The CC bond is parallel to the surface, and the plane containing the C and H

atoms is perpendicular to the surface, oriented along the [110] direction. The adsorption

geometry and the orientation of the adsorbate can be interpreted in the Dewar-Chatt-

Duncanson model[148, 149] which is used to explain the trans-effect of π-ligands in

metal-organic or complex chemistry. In the words of Chatt and Duncanson[150], the

(a)

(b)

(c)

Figure 5.1: The acetylene molecule (a) and acetylene adsorbed on Cu(100) (side view
(b) and top view(c)).
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5.1 C2H2 in the gas phase

trans-effect of a ligand in a complex compound is “the tendency of that group to direct

an incoming group into the trans-position to itself”. The magnitude of the trans-effect

is determined by the place of the ligand in the trans-row, which contains groups like

H2O and NH3 as weakly trans-directing ligands, and CO and C2H4 as strongly trans-

directing ligands. In the Dewar-Chatt-Duncanson model, the bonding of π-complexes

is explained as consisting of two parts: The π-ligand donates electronic density into

the unoccupied levels of the metal, and the metal interacts with the π*-orbitals of the

ligand via back-donation of charge. In this way, electronic density is reduced at the

trans-position of the ligand, which facilitates a nucleophilic attack of an incoming group

by lowering the reaction barrier. The trans-effect is thus a kinetic effect.

In the specific case of acetylene, the bond to the metal surface is formed via the

donation of charge from a π-orbital to the d-band of the metal, and back-donation of

electronic charge from the metal d-band to the π*-orbital of the adsorbate. This leads

to a reduction of the bond order of the CC bond, and therefore to a bond elongation and

decrease of the vibrational stretch frequency. The carbon atoms become rehybridized

in between sp2–sp3 (bond order of ≈1.5), with the hydrogen atoms bend away from the

surface, and a HCC angle of 121◦ similar to ethylene. This geometry is in fact very close

to the geometry of the acetylene molecule in its π*← π triplet excited state[151]. On

the surface, the molecule is oriented along the diagonal of the (100) facet, to maximize

the interaction of the Cu atoms with the π∗-orbital, which is now just above the Cu

atoms. An orientation aligned with the copper rows in [100] direction would decrease

the overlap of the π∗-orbital with the metal d-band and is less favourable.

5.1 C2H2 in the gas phase

The calculations on the free acetylene molecule are performed using different methods

and electronic-structure programs, which are labelled as follows:

CCSD(T)psi3

MP2gamess

PBEgamess

TPSSgamess

PBE0gamess

OPBEgamess

OPBEorca

CCSD(T)/aug-cc-pVTZ (Psi3[152])

MP2/aug-cc-pVQZ (Gamess-us[153])

PBE/TZ2P (Gamess-us)

TPSS/TZ2P (Gamess-us)

PBE0/TZ2P (Gamess-us)

OPBE/TZ2P (Gamess-us)

RI-OPBE/QZPP (Orca[154])
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5 Application: C2H2 on Cu(100)

LDAvasp

PBEvasp

LDAcp2k

PBEcp2k

TPSScp2k

OPBEcp2k

LDA/PAW (Vasp[110])

PBE/PAW (Vasp)

LDA/LDA-GTH+TZ2P (Cp2k[113])

PBE/PBE-GTH+TZ2P (Cp2k)

TPSS/PBE-GTH+TZ2P (Cp2k)

OPBE/PBE-GTH+TZ2P (Cp2k)

The periodic cell used in the Vasp and Cp2k calculations is a tetragonal 10×10×14 Å3

cell, with the molecule oriented along z. It should be noted that the cell size has

to be chosen carefully – although the energy and the geometry are already converged

at smaller cell sizes, the frequencies are not. In addition to that, in order to obtain

correct frequencies with Cp2k, the molecule has to be at the center of the cell. More

computational details can be found in the Appendix A1.

The geometric parameters are summarized in Table 5.1. The largest deviation from ex-

periment is obtained with the LDA (mean absolute relative error MARE = 0.65 - 0.68%)

and TPSScp2k (MARE = 0.79), the best agreement with OPBEcp2k (MARE = 0.19%)

and TPSSgamess (MARE = 0.01%). It is very striking that the TPSS results with Cp2k

are so different from the ones with Gamess, furthermore that they are in such a bad

agreement with experiments. Tests were carried out with Cp2k, using a higher plane-

wave cutoff and different density grids and also the latest Cp2k version, but the results

did not change significantly. A geometry optimization and vibrational analysis was car-

ried out using Gaussian, where the TPSS functional was originally implemented. The

results were in very good agreement with TPSSgamess, so that the Cp2k results seem

dubious so far. However, all PBE calculations, also with Cp2k, yield very similar re-

sults with an MARE of 0.52 - 0.61%. Overall, all methods perform well, with the largest

absolute deviation obtained from LDAcp2k for the CH bond with 0.013 Å.

With all these methods, vibrational calculations were performed. The experimental

frequencies and the deviations for each method and frequency at the harmonic and at

the VCIPSI level are summarized in Table 5.2. Here, ν1 (ω1) is the symmetric CH

stretch, ν2 (ω2) the CC stretch, and ν3 (ω3) the asymmetric CH stretch. Mode ν4 (ω4) is

the two-fold degenerate asymmetric CH bend and mode ν5 (ω5) the two-fold degenerate

symmetric CH bend.

The wave-function based methods perform similarly. At the harmonic level, CCSD(T)

and MP2 yield the best results with MP2 slightly better than CCSD(T); at the anhar-

monic level, MP2 is still in very good agreement with experiment (MARE = 1.3%),

but CCSD(T) performs surprisingly bad. There are several reasons for this: As already
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5.1 C2H2 in the gas phase

r(CC)/Å r(CH)/Å ∆ r(CC)/% ∆ r(CH)/% MARE
exp. 1.2027 1.0620 0.00 0.00 0.00
CCSD(T)psi3 1.2103 1.0639 0.63 0.18 0.41
MP2gamess 1.2092 1.0614 0.54 0.06 0.30
PBE0gamess 1.1966 1.0636 0.51 0.15 0.33
OPBEcp2k 1.2026 1.0659 0.01 0.36 0.19
OPBEorca 1.2071 1.0694 0.37 0.70 0.53
OPBEgamess 1.2080 1.0694 0.44 0.70 0.57
TPSScp2k 1.2096 1.0728 0.57 1.01 0.79
TPSSgamess 1.2028 1.0618 0.01 0.02 0.01
PBEvasp 1.2075 1.0708 0.40 0.83 0.61
PBEcp2k 1.2072 1.0691 0.37 0.67 0.52
PBEgamess 1.2074 1.0700 0.39 0.75 0.57
LDAvasp 1.2013 1.0752 0.11 1.24 0.68
LDAcp2k 1.1994 1.0729 0.27 1.03 0.65

Table 5.1: Experimental[155] and calculated bond lengths for C2H2. MARE is the mean
absolute relative deviation; for the labelling of the methods see text. The
electronic-structure methods are ordered with decreasing level of theory.

mentioned before, it has been shown that the bending vibrations of systems with mul-

tiple bonds are very basis-set dependant[134]. In the case of acetylene, this basis-set

sensitivity is due to an intramolecular BSSE[157]. Thus, the larger basis set in the MP2

calculation may be the reason for the improved results on the bending modes. This effect

is particularly pronounced for the πg mode (ν4); in case of the symmetric bend πu (ν5),

the effect is much weaker[134]. Martin et al.[157] argue that this different behaviour

is due to a symmetry cancellation: The total force constant F44 for the asymmetric

CH bend in internal coordinates is build from the difference of the two force constants

of the individual bends a and a′, F44 = fa − fa′ . However, the force constant for the

symmetric bend contains the sum of the two individual bends, F55 = fa + fa′ . Any

basis set effect on fa and fa′ will thus be exacerbated for ν4, and more or less com-

pensated for ν5. This different behaviour of the CH bends can be used to get a rough

estimate of the intramolecular BSSE. Another source of error is the high sensitivity of

mode ν4 to core-correlation effects[157]; at the harmonic level, these lead to a blueshift

of 10 cm−1[157]. Together, the BSSE and the core-correlation effects lead to a relative

error of 4.7% on mode ν4 at the harmonic level. Since the basis set used in the MP2

calculations is superior to the one used in the CCSD(T) calculations, the relative error

is smaller for MP2.
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5 Application: C2H2 on Cu(100)

Relative error (harmonic)/%
ω1(σ

+
g ) ω2(σ

+
g ) ω3(σ

+
u ) ω4(πg) ω5(πu)

exp. harmonic frequency 3501.5 2013.3 3417.6 621.5 746.8
CCSD(T)psi3 0.0 -0.9 -0.7 -4.7 0.0
MP2gamess 0.8 -1.9 0.7 -1.2 0.5
PBE0gamess 0.8 3.3 0.2 4.9 2.8
OPBEcp2k 0.8 3.3 0.1 -10.4 -3.3
OPBEorca -0.8 0.2 -1.2 -8.8 -1.9
TPSScp2k -1.7 -0.9 -2.4 -2.2 11.2
TPSSgamess -0.5 0.7 -1.0 -4.1 2.2
PBEvasp -1.7 0.0 -2.3 -2.1 -1.6
PBEcp2k -1.7 -0.4 -2.1 -4.3 -1.3
PBEgamess -1.5 -0.2 -2.1 -6.5 -2.4
LDAvasp -2.6 0.8 -3.3 2.7 -3.4
LDAcp2k -2.3 0.0 -2.9 0.0 -3.1

Relative error (VCIPSI)/%
ν1(σ

+
g ) ν2(σ

+
g ) ν3(σ

+
u ) ν4(πg) ν5(πu)

exp. anharmonic frequency 3371.7 1974.8 3288.8 612.6 730.4
CCSD(T)psi3 -0.8 -1.2 -3.4 -6.0 -0.9
MP2gamess 0.3 -2.3 -1.8 -1.5 0.8
PBE0gamess 0.3 3.5 -2.3 6.1 2.9
OPBEcp2k -1.1 0.5 -3.9 -0.8 0.4
OPBEorca -1.5 -0.1 -3.8 -6.0 -1.9
TPSScp2k -1.8 -0.4 -3.9 -3.5 -7.0
TPSSgamess -1.2 0.6 -3.8 -3.7 1.6
PBEvasp -3.6 -3.0 -6.4 -11.6 -9.0
PBEcp2k -2.2 -0.5 -4.0 0.8 2.9
PBEgamess -2.3 -0.3 -4.9 -5.5 -2.8
LDAvasp -3.1 0.8 -5.8 2.0 -3.7
LDAcp2k -2.7 0.2 -4.7 5.1 1.3

Table 5.2: Mean relative deviation with respect to experiment[156] in %, for the vi-
brational transitions of C2H2, calculated with different electronic-structure
methods. Experimental transition frequencies are given in cm−1.
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5.1 C2H2 in the gas phase

The large deviations of CCSD(T) and MP2 at the VCIPSI level of theory can be

explained in terms of lacking three- and four-mode couplings in our calculations. Rauhut,

Knizia and Werner have shown that an inclusion of the higher-order couplings leads to

a large blueshift for the CH asymmetric stretch ν3 (4D: 31 cm−1, corresponding to 0.9%

of the experimental frequency), and a redshift for the symmetric bend ν5 (4D: 10 cm−1

or 1.4% of the experimental frequency)[156]. Taking these into account, the error of

CCSD(T) on the symmetric bend ν5 would increase, since the VCIPSI frequency is

already too low. It seems that the 3D and 4D terms work in opposite directions and

cancel each other for this mode. The asymmetric stretch shows large deviations to

experiment (−110 cm−1 or −3.4% of the experimental value), and to the value calculated

by Rauhut and co-workers (−93 cm−1), which in turn deviates by 0.5% from experiment.

For this mode ν3, the effects of 3D and 4D terms add up and would lead to a blueshift

of the calculated frequency, because the computed frequency is too low. The BSSE on

mode ν4 is more pronounced at the anharmonic level, since in the PES generation, the

hydrogen atoms are displaced further from their equilibrium position and experience a

larger overlap with the diffuse basis functions of the C atoms. However, both wave-

function based methods yield a good description of the CC and CH symmetric stretch.

Most of the density-based methods generally underestimate the experimental frequen-

cies. Starting at the lowest rung of Jacob’s ladder, with the LDA, one finds surprisingly

good results at both the harmonic and the anharmonic level. Comparing the two differ-

ent LDA calculations, the one with GPW and the one using the PAW method (where

the latter one is the superior basis due to the softer potentials), one finds that LDAcp2k

yields the better results. The stretch frequencies are initially expected to be too high

with the LDA, due to its well-known tendency to overbind[65]; this is only slightly the

case for the CC stretch; the CH stretch frequencies are underestimated at both the

harmonic and anharmonic level. The difference between Cp2k and Vasp for the anhar-

monic frequencies of the CH bends are due to the sensitivity of the PAW calculation to

the cell size (see below).

The meta-GGA TPSS yields very good results when Gamess is used. The Cp2k

TPSS calculation yields very large deviations from experiment and also from the Gamess

result, with especially significant deviations for the symmetric CH bend ν5. Even more

unsettling is that while at the harmonic level, this mode is overestimated by 11%, at

the VCIPSI level the frequency is underestimated by 7%. Such a large shift implies that

there is some error in the calculation. According to the Cp2k developers, the kinetic

energy density in Cp2k shows numerical instability in regions with very small electron
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5 Application: C2H2 on Cu(100)

density[158]. Despite mode ν5, the Gamess and Cp2k results do not compare too badly

at the anharmonic level.

The hybrid functional PBE0 generally tends to overestimate the vibrational frequen-

cies, especially the CH asymmetric bend, ν4, by almost 7%. Considering the fact that

this mode should be underestimated due to the BSSE, the real deviation of this mode

must be even higher at about 10%. The agreement on the CH symmetric stretch is very

good. The asymmetric CH stretch is underestimated, presumably due to the lack of

3D and 4D terms in the potential. The overall good agreement of PBE0 at both the

harmonic and VCIPSI level shows that PBE0 is very reliable.

The OPBE functional, similar to PBE0, performs very well on the stretch frequencies,

but shows large deviations on the bends at the harmonic level. While in the case

of OPBEorca, these deviations are only slightly reduced at the anharmonic level, for

OPBEcp2k, the bends at the VCIPSI level of theory show a very good agreement with

the experimental frequencies.

The GGA PBE performs similarly regardless of the basis, and underestimates all vibra-

tional frequencies, where PBEPAW yields the best results at the harmonic, but the worst

at the anharmonic level. The smallest relative deviation is obtained for the CC stretch.

At the anharmonic level, all frequencies with PBE/PAW are much lower than with the

other two PBE calculations. This is especially the case for the CH asymmetric bend,

which is underestimated by 11.6%. This is due to the higher sensitivity of PBE/PAW to

the cell size in comparison with PBE/GPW. Although the cell is already relatively large

with 10 Å in between the molecules, and the harmonic frequencies are converged, there

is still a interaction between neighbouring molecules for PBE/PAW, when the atoms are

displaced from their equilibrium position in the generation of the PES. This is shown in

Table 5.3: Here, the harmonic and anharmonic frequencies calculated with PBE/PAW

and PBE/GPW are shown for other cell sizes such as a 10×10×13 Å3 and 12×12×16 Å3

unit cell.

In the Table, it becomes clear that the harmonic frequencies with PBEcp2k are already

converged for the smallest cell size, since the CC stretch frequency does not change

between the small and the medium cell – the CC bond is oriented along the z-direction,

and the length of the box in z-direction is the only difference between the small and the

medium cell. The harmonic frequencies with PBEvasp are converged for the medium-

sized cell, apparent from the converged relative deviations for the CC stretch. However,

a comparison of the deviations at the anharmonic level shows that for PBEcp2k, the small

cell is not large enough to avoid interactions between the replica. The CH antisymmetric
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5.1 C2H2 in the gas phase

Relative error (harmonic)/%
ω1(σ

+
g ) ω2(σ

+
g ) ω3(σ

+
u ) ω4(πg) ω5(πu)

PBEvasp

10×10×13 Å3 -1.8 -2.3 -2.3 -2.2 -1.7
10×10×14 Å3 -1.7 0.0 -2.3 -2.1 -1.6
12×12×16 Å3 -1.8 0.1 -2.3 -2.3 -1.7

PBEcp2k

10×10×13 Å3 -1.8 -0.9 -2.2 -3.9 -1.5
10×10×14 Å3 -1.7 -0.4 -2.1 -4.3 -1.3
12×12×16 Å3 -1.7 -0.9 -2.2 -3.6 -0.1

Relative error (VCIPSI)/%
ν1(σ

+
g ) ν2(σ

+
g ) ν3(σ

+
u ) ν4(πg) ν5(πu)

PBEvasp

10×10×13 Å3 -3.5 8.6 -2.5 -15.9 -22.5
10×10×14 Å3 -3.6 -3.0 -6.4 -11.6 -9.0
12×12×16 Å3 -2.4 -0.2 -5.0 -2.9 -1.8

PBEcp2k 10×10×13 Å3 -2.4 -0.7 -4.8 -4.5 -1.4
10×10×14 Å3 -2.2 -0.5 -4.0 0.8 2.9

Table 5.3: Mean relative deviation with respect to experiment[156] in %, for the vibra-
tional transitions of C2H2, calculated with different unit cell sizes.

and symmetric bend are both shifted to higher frequencies when using the medium-sized

cell. For PBEvasp, even the frequencies in the medium-sized cell are not converged – there

are large deviations for both the CH bends with the different cell sizes. Thus, it is very

important to use a sufficiently large cell for the anharmonic calculation. Finally, the

agreement of the computed anharmonic frequencies with experiment, using a converged

cell size, is very good for PBE, despite the too low CH stretch frequencies. The bending

modes and especially the CC stretch are reproduced very accurately.

In Table 5.4, the overall deviations for the methods are shown. For PBEvasp, the

deviations were calculated for the large unit cell. At the harmonic level, the wave-

function based methods perform the best, followed by TPSSgamess and OPBEorca. The

different PBE calculations and PBE0gamess perform similarly well, followed by OPBEcp2k

and the LDA. The largest MAD is obtained for LDAvasp with 44 cm−1, and TPSScp2k

with 50 cm−1.

At the anharmonic level, MP2gamess and OPBEcp2k yield the best MAD. CCSD(T)psi3

and TPSSgamess, followed by PBE0gamess, PBE with different programs and OPBEorca

still perform satisfactory, while the MAD with LDA is large with 48 - 56 cm−1.

Taking all these into account, a method for the calculation of the vibrational frequen-

cies of C2H2 on the Cu surface has to be chosen. Since we do not want to use a cluster

model but a periodically repeated supercell, wave-function based methods and hybrid
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5 Application: C2H2 on Cu(100)

MAD(ω̃) MAD(ν̃)
CCSD(T)psi3 15 35
MP2gamess 16 21
PBE0gamess 29 39
OPBEcp2k 39 28
OPBEorca 21 39
TPSScp2k 50 49
TPSSgamess 21 35
PBEvasp 28 45
PBEcp2k 30 38
PBEgamess 35 50
LDAvasp 44 56
LDAcp2k 33 48

Table 5.4: Mean absolute deviation (MAD) on all vibrational frequencies for C2H2, at
the harmonic (ω̃) and at the anharmonic (ν̃) level, calculated with different
methods. With respect to the experimental values[156].

functionals are not feasible. This leaves the LDA, PBE, TPSS and OPBE; since the

LDA did not and is also not expected to perform well, we choose PBEcp2k, TPSScp2k,

OPBEcp2k and PBEvasp. While the former three are chosen to give an impression about

different levels of density-functional approximations, the latter is chosen due to the soft-

ness of the PAW potentials and the availability of k-points for the calculation of the

metal. We hope that the problems with TPSS in Cp2k disappear when the background

electron density is higher, and therefore the total electron density in the cell is more

uniform. The Vasp calculation is expected to describe the adsorbate-surface system the

best, since the PAW method is said to be very accurate, and the program is designed

for the calculation of metallic systems.
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5.2 C2H2 on Cu(100)

Depending on which surface acetylene adsorbs, two types of adsorption geometries, and

therefore two types of bonding have been found experimentally[159]: On Pd surfaces

[160, 161, 162], the molecule has a shorter CC bond length than on Cu surfaces[163, 159],

and is thus less activated on the Pd than on the Cu surface. This is due to the differently

occupied conduction bands in Cu and Pd: The Pauli repulsion between the occupied

acetylene orbitals and the occupied 4sp band of Cu is larger than between the occupied

molecular orbitals and the only partially occupied 5sp band of Pd. However, also the

back-bonding is larger for Cu than for Pd[145]. Depending on the binding, the state of

rehybridization varies and lies in between sp2 and sp3[147].

In the very interesting study of Triguero et al.[151], the di-σ bond formation between

the adsorbate and the surface is described in terms of a simultaneous spin-uncoupling

of paired electrons in the adsorbate and the metal surface. Here, both the adsorbate

and the metal are excited into a triplet state, which for the adsorbate corresponds to a

π*← π excitation. The reactants then form two covalent bonds; the total spin state is

thus a singlet state. The bonding geometry of the adsorbate is similar to its geometry in

the excited triplet state, where the CC bond is significantly elongated, and the molecule

is not linear but bent.

Here, only the adsorption at the diagonal fourfold hollow site on the Cu(100) surface

is studied, since experiments clearly show this site as preferred adsorption site. Previous

theoretical studies also included other adsorption sites and surfaces[143, 145, 146]. How-

ever, all of these studies use cluster models, and at most harmonic frequency calculations

are performed.

The calculations were performed using a (
√

8×
√

2)R45 supercell (see Fig. 5.2). For

Figure 5.2: Overlayer structure of C2H2 on Cu(100). The (
√

8 ×
√

2)R45 surface unit
cell is marked with a black rectangle.
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5 Application: C2H2 on Cu(100)

r(CC) r(CH) r(Cu/CC) α(CCH)/◦

r(Cu/CC)
r(CC)

r(CH)

α(HCC)

exp. 1.42 · · · 1.5 · · ·
OPBEcp2k 1.31 1.10 1.56 121.9
TPSScp2k 1.32 1.11 1.61 122.7
PBEvasp 1.37 1.10 1.53 120.9
PBEcp2k 1.31 1.10 1.61 121.9

Table 5.5: Geometric parameters for C2H2 on Cu(100) in Å, with r(Cu/CC) distance of
the CC bond to the Cu surface. Experimental data from [140]. Electronic-
structure methods are ordered with decreasing level of theory.

more computational details, see section A1 in the Appendix.

The different electronic-structure methods used are labelled as follows:

PBEvasp

PBEcp2k

TPSScp2k

OPBEcp2k

PBE/PAW (Vasp)

PBE/PBE-GTH+TZ2P (Cp2k)

TPSS/PBE-GTH+TZ2P (Cp2k)

OPBE/PBE-GTH+TZ2P (Cp2k)

The adsorbate geometries with these methods are summarized and compared to exper-

iment in Table 5.5. On the Cu(100) surface, the CC bond length is 1.42 Å according to

NEXAFS and SEXAFS experiments[139, 140], with the CC bond lying 1.5 Å above the

surface. For the CH bond, all methods yield very similar values. The CC bond length is

very similar in all Cp2k calculations, but 0.06 Å longer with PBEvasp, and thus closer to

the experimental value. The distance of the CC bond to the surface layer is given with

respect to the z-position of surface atoms further away from the adsorbate not involved

in the back-bonding – the surface atoms which are involved in the back-bonding pro-

trude from the surface and are closer to the C atoms than the rest of the surface atoms.

Since the protruded atoms are not representative of the surface, the distance is more

appropriately given with respect to the z-position of the Cu atoms not participating

in the bonding. Here, again PBEvasp yields the best result compared with experiment,

followed by PBEcp2k, OPBEcp2k and TPSScp2k. The most corrugated surface is obtained

for PBEvasp. The CCH angles are all very similar with 121–122◦.

In Table 5.6, the relative deviation of the computed anharmonic frequencies are given

for each transition. The CH stretches are underestimated with all methods, with the

largest deviations for PBEvasp, and the best agreement for OPBEcp2k. The CC stretch on

the other hand is overestimated by all methods, with the smallest deviation for PBEvasp,

and significant deviations for all Cp2k calculations. The CH in-plane bends are best
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5.2 C2H2 on Cu(100)

Relative error (anharmonic)
νs(CH) νas(CH) ν(CC) δas(CH) δs(CH) γs(CH) ν(Cu-C2H2)

exp. frequency 2940 2880 1320 1140 950 630 420
OPBEcp2k -2.6 -3.9 18.3 -11.4 -6.4 -17.3 -0.7
TPSScp2k -4.9 -6.7 16.1 -12.7 -6.2 -21.1 -6.9
PBEvasp -7.5 -9.4 8.4 -3.0 0.8 7.7 -10.0
PBEcp2k -5.3 -7.1 15.7 -13.0 -6.3 -27.1 5.1

Table 5.6: Relative deviation of calculated fast-VCIPSI frequencies in comparison with
HREELS data[164]. Experimental frequencies in cm−1. The fast-VCIPSI
calculations were carried out using 41 mode–mode couplings for PBEvasp, 37
for PBEcp2k, 23 for OPBEcp2k and 37 for TPSScp2k (see Appendix A4.1).

described with PBEvasp, yielding a very satisfactory agreement. In all Cp2k calculations,

these are largely underestimated. The CH out-of-plane bend is expected to be very basis

set dependent; this would explain the largely underestimated frequency with the GPW

code, but the overestimation within the PAW method, which is expected to be more

accurate. The metal-adsorbate stretch is very well reproduced with OPBEcp2k, but

underestimated by PBEvasp and overestimated by TPSScp2k. Generally one can say, that

all methods seem to fail in predicting the bonding situation, with too soft CH bonds

and a too strong CC bond. PBE/PAW is superior to the other methods in predicting

the bends, presumably since these are very sensitive to the basis. The metal-adsorbate

stretch, which is a frustrated translation, gives a hint at the dissociation energy of the

adsorbate from the surface. The dissociation is facilitated with PBEvasp and TPSScp2k

in comparison with experiment; OPBE is very close to the experimental value, and

for PBEcp2k, the dissociation potential is stiffer than in the experiment. None of the

methods is clearly superior to the others; PBEvasp performs well on the bending modes,

and OPBEcp2k on the stretching modes.

The experimental CC stretch frequency is 1320 cm−1, which lies in between the CC

stretch frequency of ethylene (1623 cm−1[165]) and ethane (993 cm−1[166]), and is 650 cm−1

lower than in gas phase acetylene. The CH symmetric stretch is also significantly low-

ered by 430 cm−1 to an experimental value of 2940 cm−1. The CH symmetric stretch in

ethene amounts to 3026 cm−1[165], and in ethane to 2915 cm−1[166], so that the adsorbed

acetylene is hybridized between sp2 and sp3.

The calculated energetic shifts of the vibrational frequencies upon adsorption are

compared to the experimental values in Table 5.7. The shifts are calculated as the dif-

ference between the computed fast-VCIPSI frequencies of the adsorbate and the VCIPSI

frequencies of the free molecule with the respective electronic-structure method. The
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5 Application: C2H2 on Cu(100)

ν1(σ
+
g ) ν2(σ

+
g ) ν3(σ

+
u ) ν4(πg) ν5(πu)

νs(CH) ν(CC) νas(CH) δas(CH) δs(CH)
gas phase 3371.7 1974.8 3288.8 612.6 730.4
HREELS 2940 1320 2880 1140 950
exp. frequency shift -432 -655 -409 527 220
shift OPBEcp2k -471 -423 -392 403 156
shift TPSScp2k -516 -434 -473 404 212
shift PBEvasp -569 -516 -540 511 240
shift PBEcp2k -509 -432 -452 409 171

Table 5.7: Experimental vibrational frequencies of C2H2 in the gas phase[156] and on
Cu(100)[164], and the respective frequency shifts, in comparison with the
calculated frequency shifts of the adsorbate with respect to the free molecule.
All values in cm−1.

changed ordering of the CH asymmetric and symmetric bend of the molecule on the

surface is due to mixing of CC rocking motion into the asymmetric CH bend. On the

shifts, the same trends can be observed as on the direct comparison of calculated versus

experimental transition frequency: The shifts of the CH stretches are best reproduced

with OPBEcp2k, while the shifts of the CH bends are closest to the experimental value

with PBEvasp. The shift of the CH stretch frequency is overestimated with PBE and

TPSS. The shifts of the CH bends are underestimated in the Cp2k calculations, where

interestingly the shift for mode ν4(πg) is almost identical with the three different density-

functional approximations. All methods yield very large deviations on the shift of the

CC stretch: This shift is massively underestimated by ≈ 230 cm−1 with the GPW cal-

culations, and by 139 cm−1 with PBE/PAW. This also agrees with the large deviations

on a direct comparison of the frequencies, and supports the finding that the CC bond is

predicted as too strong in all calculations. Thus, the rehybridization upon adsorption is

predicted incorrectly, underestimating the CC bond weakening, and overestimating the

CH bond loosening. PBE/PAW describes the bonding the best of all methods tested.

The MAD of the calculated anharmonic frequencies is very large with MAD(OPBEcp2k)

= 105 cm−1, MAD(TPSScp2k) = 131 cm−1, MAD(PBEvasp) = 105 cm−1, MAD(PBEcp2k)

= 138 cm−1. In order to understand these large deviations, it is necessary to take a

closer look at the bonding interaction of the molecule and the surface.
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5.3 Bonding of C2H2 on Cu(100)

In order to analyze the bonding of C2H2 and the metal surface, two contributions have

to be analyzed: First of all, the effect of the bending of the acetylene on its electronic

structure, and second, the interaction of the metal surface with the bent molecule. A

qualitative picture of the change of the orbital shapes of linear and bent C2H2 in the gas

phase is shown in Fig. 5.3. The underlying calculations were done on the linear and the

adsorbate geometry, using Hartree-Fock with the TZ2P basis set in Gamess, in order

to obtain a qualitative picture. When the molecule is bent, the degeneracy of the 1π

and 2π, as well as of the antibonding 3π∗ and 4π∗ is lifted. Instead, one of the π orbitals

becomes non-bonding, where one of its lobes is split and points diagonally from the C

atoms into space, ready to form bonds here.

Figure 5.3: Qualitative graphical representation of the electronic structure of (a) C2H2

and (b) bent C2H2 in the gas phase.
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Figure 5.4: Local (LDOS) and projected (PDOS) density of states of (a) C2H2 and (b)
bent C2H2 in the gas phase. The Fermi level εFermi is marked with a dotted
line.

76



5.3 Bonding of C2H2 on Cu(100)

In Fig. 5.4, the local and the projected density of states, LDOS and PDOS, for

the linear and the bent molecule, are shown. The calculations were performed using

PBE/PAW, where the bent molecule has the same geometric parameters as the ad-

sorbed acetylene.

The electronic states do not appear as sharp peaks, but as Gaussian peaks since the

electronic levels are broadened in the calculation using a Gaussian with width σ = 0.1 eV.

For the free molecule, the Fermi energy lies at −6.52 eV, and in case of the bent one

at −4.95 eV. There occurs a general level upshift of the occupied states upon bending

the acetylene of ≈ 1 eV. However, the 3π∗ and 4π∗ unoccupied states are significantly

downshifted by −4 eV (3π∗) and −1 eV (4π∗). Only the 6σ∗ level remains unshifted.

The PDOS indicates which levels have mostly p or s, and which ones have hybridized

character. For the linear acetylene, the pz orbitals hybridize with the s orbitals to the

sp-hybridized state. The 1π and 2π states are build from the px and py orbitals and

form – together with the 3σ state – the triple CC bond.

In the bent molecule, the sp-hybrid is formed from the py and s orbitals. The bonding

2π state is formed from the px-orbitals. The non-bonding 1πn-state has still p-character,

and contains contributions both from py and pz. The antibonding 3π∗-orbital has dom-

inant pz-character, while the 4π∗ and 6σ∗-orbitals are very delocalized.

Summarizing, the bending of the acetylene prepares the molecule for the bonding

situation on the surface: A non-bonding state is formed from the pz-orbitals, which

is localized at the position of the prospective metal-carbon bond. Furthermore, the

antibonding π∗-states are downshifted, and the Fermi level is upshifted.

The PDOS projected on the carbon atoms of the adsorbed acetylene on the Cu(100)

surface is shown in Fig. 5.5. All levels are broadened upon adsorption due to the inter-

action with the metal d band. Since the py- and the s-PDOS show a significant overlap

at the energies of the 3σ and 4σ∗-orbitals, which are the bonding and the antibonding

contributions to the CC bond, the py-orbitals must be the ones that hybridize with

the s-orbitals to form the sp-hybrid. The px-projected states however are still fairly

localized. These are the states which form the CC π-bond. The pz-orbitals overlap to

some extend with the sp-hybrid, and form the nonbonding 1πn-state. Therefore, the

pz-orbitals contribute to the adsorbate-metal σ-bond, and the px-orbitals are the ones

which are involved in the back-bonding.

In order to analyze the bonding at the surface, the PDOS for the adsorbate-substrate

system (“Cu+C2H2”) and the surface without the adsorbate (“Cu only”) was calculated.

Since the unit cell is orientated with the z-vector normal to the Cu(100) surface, and the
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Figure 5.5: Projected density of states (PDOS) for the acetylene molecule adsorbed on
the Cu(100) surface. The states are projected onto the carbon atoms. The
Fermi level εFermi is marked with a dotted line.

y-vector parallel to the CC bond, the σ-bonds are formed between the pz-orbitals of the

carbon atoms and the dyz-orbitals of the respective copper atoms. The π back-bonding

involves the px-orbitals of the carbon and the dxz-orbitals of the copper atoms. In Fig.

5.6, the PDOS for the atoms involved in the bonding is shown.

In part (a) of the plot, the σ-bond formation is illustrated. The dyz-projection of the

d-band for the bare surface shows narrow peaks centered below the Fermi level, which

lies at −3.10 eV. When the acetylene molecule is adsorbed on the surface, the Fermi

level shifts up to −1.51 eV, and the dyz-part of the d band is broadened due to the

interaction with the carbon-1πn molecular orbital. The pz-states of the carbon atoms

are broadened upon adsorption. The carbon pz and the metal dyz-projected states show

very pronounced resonances.

In part (b) of the Figure, the projected states onto the respective copper and carbon

atoms, involved in the back-donation of charge from the metal to the antibonding 4π∗-

orbital of the molecule, are shown. The metal dxz-states of the respective copper atom

without the adsorbate are very localized in energy. Upon adsorption, these states are

broadened, as are the carbon px-states. The resonances between the metal and the

adsorbate states are very pronounced. The px-states of the carbon reach up to the

78



5.3 Bonding of C2H2 on Cu(100)

-20.0

-15.0

-10.0

-5.0

0.0

En
er

gy
 (e

V
)

Cuσ/Cu only, dyz
Cuσ/Cu+C2H2, dyz
C/Cu+C2H2, pz
C/C2H2 bent, pz

-20.0

-15.0

-10.0

-5.0

0.0

En
er

gy
 (e

V
)

Cuπ/Cu only, dxz
Cuπ/Cu+C2H2, dxz
C/Cu+C2H2, px
C/C2H2 bent, px

εFermi

εFermi

(a) PDOS:
 σ-bond

(b) PDOS:
 π back-
bonding
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Fermi level, and still contain large unoccupied contributions above the Fermi level.

The calculated anharmonic frequencies show that there is an insufficient π back-

donation of charge from the metal to the antibonding 4π∗-molecular orbital, since the

CC bond is still too strong in the calculation, and the anharmonic CC stretch frequency

too high. This becomes especially clear when comparing the shift of the CC stretch

frequency upon adsorption: The theoretical results all underestimate this shift. One

possible reason for this is the fact that due to the choice of the unit cell, the same cop-

per atom has to donate charge into two acetylene molecules, and therefore the amount

of charge has to be divided between two molecules. From the general tendency of GGA-

functionals, one would expect that there is a too large charge back-donation, because

the unoccupied orbitals usually appear at too low energies[91]. Furthermore, it has also

been shown that the energy of the HOMO is often too high, resulting in a too small

charge-transfer interaction between molecule and metal[92].

It is also possible that the 3π∗-orbital lies at too low energy and is therefore partly

filled. This would weaken the metal-C σ-bond and is in agreement with the underesti-

mated metal-adsorbate stretch frequency.

In order to further investigate the charge donation into antibonding orbitals, a calcu-

lation of the crystal orbital overlap population (coop)[167] would be very useful. Here,

the antibonding and bonding contributions of the crystal orbitals are determined which

would show how much of the 3π∗ and 4π∗ orbitals lies below the Fermi level and is

therefore filled. However, such a procedure lies beyond the scope of this work since it is

not easily implemented.
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Thiols, such as 4-mercaptopyridine (4-MPy) adsorb readily on gold surfaces and form

well-ordered structures, so-called self-assembled monolayers (SAMs). SAMs present a

possibility to taylor the interfacial properties of metals, metal oxides and semiconductors

for molecular electronics (ME) applications (see e.g. [26, 168]). Also, SAMs themselves

have very useful properties which can be tuned, such as their thickness, insulating or

conducting properties, and the possibility to fabricate them into patterns. It has been

shown that multilayer structures can be formed using 4-MPy as a building block[25],

where the SAM acts as a connecting agent between two different kinds of metals.

It is important to understand the surface–molecule and molecule–molecule interactions

in order to tailor the properties of the SAM. Here, the type of bonding between metal

and surface, and the influence of the surface on the molecular properties is a fundamental

aspect for an understanding of the stability of the system.

We want to study the changes of the vibrational transition frequencies and the normal

mode vibrations which take place upon adsorption. We are particularly interested in

the vibrational anharmonicity – the intrinsic anharmonicity of the potential and the one

mediated by mode–mode coupling. One aspect here is the extent of vibrational coupling

between the adsorbate and the surface.

SAMs formed by 4-MPy on a Au(111) surface are prepared and investigated by several

groups at Ulm University. The group of Prof. Kolb performs electrochemical metal

deposition on the monolayer, to build up structures with several layers of SAM and

different metals[25]. In the group of Prof. Ziemann, 4-MPy SAMs are investigated using

a home-made STM[169]. With this STM, IET spectra of the molecule were recorded. We

can directly compare our computed vibrational frequencies to the d2I
dV 2 -spectra measured

by Anna Tschetschetkin and Apl. Prof. Berndt Koslowski.
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6 Application: 4-MPy on Au(111)

6.1 Vibrations of 4-MPy in the gas phase and adsorbed

on Au(111)

The free molecule in the gas phase has 30 normal modes of vibration, while the ad-

sorbate has 33. The adsorbate possesses additional modes of frustrated rotations and

translations, where the molecule in the gas phase exhibits three vibrations of the SH

group: stretching, bending and torsional motion. Thus, only 27 vibrational frequencies

of adsorbate and free molecule can be compared directly to each other.

The normal-mode vibrations of the free molecule calculated with PBE/PAW were

analyzed in section 4.3.3, with the assignment specified in Table 4.4. As mentioned in

section 4.3.3, the large deviations of the computed anharmonic stretching frequencies

from experiment are striking and cannot be justified with the fact that the calculations

are performed for the gas phase molecule, while the experiment was carried out for

the bulk material. Especially so, since the MP2/TZP results compare well with the

experiment. The harmonic frequencies for the CH stretches are in good agreement

with the experimental values, but the CC stretches are already at the harmonic level

significantly too low. We concluded that the bonding potential calculated with PBE is

too shallow, as it is the case also for acetylene. The description of the bending modes is

much better, and we also do not obtain any basis-set effects for the out-of-plane motion.

In Fig. 6.1, the anharmonicity contributions to the vibrational anharmonicity, calcu-

lated as in section 4.3.3, for the PBE/PAW and MP2/TZP anharmonic vibrational fre-
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Figure 6.1: Anharmonicity contributions to the vibrational frequencies of 4-MPy from
fast-VCIPSI calculations: (a) Harris@PBE/PAW, (b) Harris@MP2/TZP.
Mode numbers according to PBE/PAW.
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Figure 6.2: Deviation of (a) harmonic and (b) fast-VCIPSI transition frequencies of 4-
MPy at the bridge-hcp position with respect to the molecule in the gas phase.
Mode numbers from the adsorbate; all modes of the free molecule are present
and in ascending order, except modes 2, 12, and 26 (SH torsion, bend and
stretch).

quencies are shown. The bending modes in general show very little anharmonicity. Only

the frequency of the SH in-plane bending (mode 12) is lowered significantly when mode–

mode correlation is taken into account. The CH stretches (modes 27-30) show mostly

2-D-anharmonicity (mode–mode coupling), and the torsion of the SH group (mode 12)

is very anharmonic. The latter is due to the coordinate system used: In rectilinear coor-

dinates, a torsional motion cannot be described correctly. Displacing the molecule along

the torsion using rectilinear normal-mode coordinates leads at the most to a fragmenta-

tion of the molecule, and thus to a too high diagonal frequency. This is counterbalanced

by a strong coupling of the torsion to all other modes, since this mode is contaminated

by the other modes.

Also apparent from Fig. 6.1 is the effect of the basis set effect in the MP2/TZP

calculation. All out-of-plane bends (modes 1, 2, 4, and 6, and modes 9 - 14) show

large positive anharmonic effects in the MP2/TZP calculation, shifting the anharmonic

frequencies upwards. This means that including anharmonicity counterbalances the basis

set effect in this case.

The deviation of the harmonic wω̃ and the anharmonic frequencies wν̃ of the adsorbate

at the bridge-hcp position with respect to the free molecule is shown in Fig. 6.2. The

frequencies change little at the harmonic level, when the molecule is adsorbed on the

surface. Only the ring deformation and the CS bend, modes 13 and 14 (1 and 3 for the

free molecule) are higher in the case of the adsorbate. All other modes are shifted to lower

frequencies upon adsorption, especially mode 28 which is the X-sensitive (substituent-
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sensitive) ring breathing mode. This shift to lower frequencies is conform with SERS

experiments (see below), and is due to a general bond weakening in the molecule upon

adsorption.

At the anharmonic level, part of the modes of the adsorbate occur at lower frequencies

than in the gas phase, and part at higher frequencies. For the different types of normal-

mode vibrations like stretches or in-plane bends, no general trend can be observed;

some appear at higher, and some at lower frequency. One effect which influences the

frequency shift is that modes, in which atoms are displaced in the direction of the surface,

are shifted to higher frequencies due to steric effects when adsorbate and surface atoms

come close to each other.

For the adsorbate, no strong mode–mode couplings occur between lattice vibrations

and molecular vibrations (see coupling map, Fig. 6.3). However, an indirect coupling can

be observed – the molecular vibrations, modes 13 - 39, couple to the frustrated rotations

(mode 1 and 3). These in turn couple to some of the lattice vibrations (e.g. modes 5 and

6). The lack of direct couplings between adsorbate and substrate vibrations confirms

the assumption, that both parts of the system can be treated independently at the har-

monic level – the harmonic normal modes yield a sufficiently accurate vibrational basis.

However, the occurrence of indirect coupling emphasizes the importance of including at

least part of the lattice atoms into the vibrational analysis.
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Coupling map 4-MPy at b-hcp site (Harris@PBE/PAW)
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Figure 6.3: Coupling map of 4-MPy adsorbed at the b-hcp site (Harris@PBE/PAW).
Almost no direct coupling between vibrations of the adsorbate and lattice
vibrations is obtained. However, the molecular vibrations and the lattice
vibrations both couple to the frustrated rotations and translations.
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6.1 Vibrations of 4-MPy in the gas phase and adsorbed on Au(111)
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Figure 6.4: Different adsorption sites studied throughout this work. (a) bridge site
slightly shifted towards hcp-hollow site, (b) top site slightly shifted towards
fcc-hollow site, (c) fcc-hollow site (upright conformation), (d) defect site, (e)
adatom site.
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6 Application: 4-MPy on Au(111)

6.2 The effect of the adsorption site

Throughout this work, different adsorption sites where studied (Fig. 6.4). Structures (a)-

(c) are part of a previous study carried out by Jan Kučera[170], where the energetics and

thermodynamic properties of the system were investigated. The most stable adsorption

site on the clean Au(111) surface is predicted as the bridge site, where b-hcp and b-fcc

(bridge slightly shifted to hcp and fcc site, respectively) are near-degenerate. In order

to compare the adsorption energies of the defect and adatom site (structures (d) and

(e) in Fig. 6.4) to the adsorption energies on the unreconstructed Au(111) surface, the

adsorption energies were recalculated. Here, the interaction, relaxation, and adsorption

energies are defined as

Eint = E4MPy+Au(111),relaxed − (E4MPy + EAu(111),relaxed) (6.1)

Erelax = E4MPy+Au(111),relaxed − E4MPy+Au(111),unrelaxed (6.2)

Eads = Eint − Erelax (6.3)

The relaxation energy Erelax is calculated from the energy difference of the Au(111)

surface where the uppermost layer was allowed to relax and with the adsorbate in the

same geometry as in the optimized system, and the unrelaxed Au(111) surface using

the bulk lattice parameters, again with the adsorbate in the same geometry as in the

optimized system. The unrelaxed Au(111) surface together with the adsorbate is thus

the reference state for the adsorption energy. The binding energy of 4-MPy on the

Au(111) surface is the negative of the adsorption energy.

According to the adsorption energies (Table 6.1), the adatom and the defect site

represent the most stable structures. However, it must also be taken into account that

in order to form the defect site, a gold atom has to be removed from the surface, where

for the adatom site one additional atom is attached. The energy to remove one atom

from the surface is calculated as the negative difference of the energy of the clean surface,

and the energy of the surface with the respective gold atom at a far distance from the

surface, and amounts to 3.7 eV. The energy, which is gained by binding the additional

adatom is calculated in a similar way, and is 2.2 eV. Assuming that this atom is removed

somewhere from the clean surface, the additional cost to construct the adatom site

amounts to 1.5 eV.

Since the defect and adatom structures do not present a regular surface, and the b-hcp

structure is the most stable one on the unreconstructed Au(111) surface, the focus and

point of reference in the following is the b-hcp structure.
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6.2 The effect of the adsorption site

Eint Erelax Eads ∆Eads

b-hcp -1.57 -0.10 -1.47 0.29
t-fcc -1.46 -0.43 -1.03 0.74
fcc -1.56 -0.48 -1.07 0.69
defect -1.87 -0.11 -1.76 0.00
adatom -1.95 -0.34 -1.61 0.15
.

Table 6.1: Adsorption energies of 4-MPy on the Au(111) surface, at the b-hcp, t-fcc, fcc,
defect and adatom site (see text).

In Fig. 6.5, the overlap matrix of the normal mode vectors of 4-MPy at the different

adsorption sites is plotted. The adsorbate at the b-hcp site serves as reference structure.

Modes with an overlap of 0.8 and larger are marked on the plot with a red dot. For

the t-fcc site (a), the ordering of the normal modes is the same as for the b-hcp site

with an almost diagonal overlap matrix. Only mode 13, the ring buckling, is replaced

by an AuSC bend. In case (b), the fcc site, some of the modes are reordered (CC/CN

stretches, and ring breathing), and the CNC trigonal breathing is different for the two

structures. Also for the defect site (c), one of the ring breathing modes is shifted. For

the adatom site (d), the ring buckling and the AuSC bend change places. In overall, the

normal modes of 4-MPy adsorbed at the five different adsorption sites do not change

significantly.

In Table 6.2, the harmonic and anharmonic frequencies of 4-MPy, adsorbed at the

b-hcp, t-fcc and fcc site, are listed, together with an assignment of the normal modes.

A number of artificial lattice vibrations (Au-Au bends) occur due to the use of a partial

Hessian analysis. Since the number of included Au atoms in the partial Hessian is not

the same for the different adsorption sites (b-hcp: two Au atoms, t-fcc: one Au atom,

fcc upright: three Au atoms), the total number and the nature of the vibrational modes

at the low-frequency end of the spectrum is not identical for the three structures. In

principle, for each system there should be three modes of frustrated translation and

three of frustrated rotation; however, in practice this is not the case, since some of the

translational and rotational motion is contained in the vibrational modes of the system.
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Overlap matrix of normal mode vectors
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Figure 6.5: Overlap matrix of the normal mode vectors for 4-MPy adsorbed at different
adsorption sites. White stands for an overlap of zero, and black for an overlap
of one. Only the 27 normal mode vibrations of the molecule are considered.
Vectors with an overlap larger than 0.8 are marked with a red dot.
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6.2 The effect of the adsorption site

b-hcp t-fcc fcc
Mode ω̃ ν̃ ω̃ ν̃ ω̃ ν̃
39 CH stretch 3110 2949 3112 2917 3117 2950
38 CH stretch 3110 2894 3111 2857 3117 2910
37 CH stretch 3073 2925 3070 2865 3076 2921
36 CH stretch 3070 2852 3067 2829 3074 2874
35 CC stretch 1544 1540 1541 1539 1527 1516
34 CC/CN stretch 1532 1536 1523 1425 1529 1542
33 CH bend 1449 1434 1447 1415 1442 1414
32 CH bend; CC/CN stretch 1386 1359 1384 1359 1381 1363
31 CH bend; CC/CN stretch 1302 1304 1298 1285 1299 1289
30 CH/CS bend; CC/CN stretch 1273 1264 1268 1199 1272 1282
29 CH bend; CN stretch 1207 1193 1205 1181 1206 1180
28 ring breathing; CS stretch 1072 1051 1074 1072 1061 1052
27 CH rock 1072 1083 1064 1056 1071 1064
26 CH rock; CNC breathing 1057 1051 1057 1048 1040 1032
25 ring breathing 972 973 972 969 966 967
24 CH bend (oop) 959 955 959 940 960 909
23 CH bend (oop) 941 948 942 868 943 883
22 CH bend (oop) 835 829 842 830 828 788
21 CH bend (oop) 785 785 792 690 782 737
20 ring buckling 720 715 722 716 706 705
19 CC bend 679 664 687 682 675 652
18 CC bend 652 650 651 [654] 646 645
17 ring buckling 484 510 490 491 457 480
16 CS stretch; ring breathing 395 378 399 388 408 391
15 CC bend (oop) 357 351 354 334 359 347
14 AuSC/SC bend 304 292 270 265 279 278
13 ring buckling 234 52 164 203 204 200
12 AuSC bend 150 53 · · · · · · 116 130
11 AuSC/SCC bend 129 129 268 273 137 139
10 AuS bend 78 52 · · · · · · · · · · · ·
9 Au bend 70 74 · · · · · · · · · · · ·
8 Au bend 69 [93] · · · · · · · · · · · ·
7 AuSC bend 65 75 · · · · · · 78 [262]
6 Au bend 63 77 · · · · · · · · · · · ·
5 Au bend 53 73 · · · · · · · · · · · ·
4 frustrated translation 52 [149] 42 50 · · · · · ·
3 frustrated rotation 33 28 34 66 · · · · · ·
2 frustrated rotation 24 67 22 38 · · · · · ·
1 frustrated rotation 18 16 16 39 · · · · · ·

Table 6.2: Harmonic and fast-VCIPSI frequencies, and normal-mode assignments of 4-
MPy at the Au(111) surface, at the b-hcp, t-fcc, and fcc site. Diagonal
(uncoupled) frequencies in square brackets; (oop) stands for out-of-plane vi-
bration.
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6 Application: 4-MPy on Au(111)

MAD(harmonic) MAD(fast-VCIPSI)
b-hcp t-fcc fcc defect adatom b-hcp t-fcc fcc

b-hcp 0.0 7.2 8.5 2.8 11.5 0.0 32.3 25.4
t-fcc 7.2 0.0 9.7 7.4 10.9 32.3 0.0 9.7
fcc 8.5 9.7 0.0 7.7 13.1 25.4 9.7 0.0
defect 2.8 7.4 7.7 0.0 10.9 · · · · · · · · ·
adatom 11.5 10.9 13.1 10.9 0.0 · · · · · · · · ·

Table 6.3: Mean absolute deviation of the vibrational frequencies of 4-MPy on different
adsorption sites, in cm−1. Only normal mode vibrations of the molecule are
included in the deviation, without the CH stretches.

The harmonic and the anharmonic frequencies of the different adsorption sites are

compared to each other in Table 6.3: Here, the MADs between the different adsorption

sites are given. At the harmonic level, all adsorption sites are very similar with minor

deviations on the low-frequency ring buckling and AuS bend. The b-hcp and the defect

site are the most similar, whereas the adatom site is most different from all other sites

with an MAD constantly larger than ten wavenumbers. At the anharmonic level, the

t-fcc and fcc site both deviate from the b-hcp site significantly by 32.3 and 25.4 cm−1 on

average, while both are similar to each other (MAD = 9.7 cm−1).

The largest deviations for the anharmonic frequencies are obtained for the out-of-plane

CH bends. Therefore, for the defect and adatom site, fast-VCIPSI calculations for only

the CH out-of-plane bends were performed in order to compare all sites to each other. In

Table 6.4, the deviations of the out-of-plane bends are listed with respect to the b-hcp

site. The harmonic deviations are all very small, with at most 7 cm−1. The deviations of

the anharmonic frequencies are very large with up to 94 cm−1. For the fcc site, all modes

are shifted by a similar amount to lower energy with respect to the b-hcp site. For the

t-fcc site, some modes are largely redshifted, while some frequencies remain almost the

same. In case of the defect site, mode 22 appears at lower frequency than mode 21, but

despite that, the frequencies are very similar to the b-hcp frequencies. The adsorbate at

the adatom site shows similar trends as at the t-fcc site.

In Fig. 6.6, the corresponding normal modes are shown. Same color means displace-

ment out of the plane in the same direction. The deviation of the out-of-plane bends

cannot come from a more or less pronounced repulsive interaction with the surface, since

the H atoms in the t-fcc structure are closest to the surface, but the frequencies are not

the highest. For example, in mode 21 all H atoms move in-phase. This mode should be

affected the most from a repulsive interaction with the surface, since all H atoms move
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6.2 The effect of the adsorption site

harmonic fast-VCIPSI
t-fcc fcc defect adatom t-fcc fcc defect adatom

Mode 21 7 -3 3 5 -94 -47 31 -26
Mode 22 7 -7 0 6 1 -41 -36 21
Mode 23 1 2 4 6 -80 -64 -16 -47
Mode 24 0 2 4 6 -15 -47 -22 -6

Table 6.4: Deviation of the vibrational frequencies of the CH out-of-plane bend for the
different adsorption sites, with respect to the bridge site; in cm−1.

Mode 21 Mode 22 Mode 23 Mode 24

Figure 6.6: Pictorial representation of the CH out-of-plane vibrations of 4-MPy adsorbed
at the b-hcp site. A high intensity of the colors stands for a large normal–
mode vector, and same colors mark same vector phase.

towards it at the same time. However, the vibrational frequency of this mode is lower

for the t-fcc site than for the b-hcp site, although the H atoms are closer to the surface

at the t-fcc site.

In Fig. 6.7, the mode–mode couplings of the CH out-of-plane bends are shown. For

the t-fcc site, there are the least couplings (25 in number), while for the fcc site there are

with 41 the most couplings. For the b-hcp site, there are 38 couplings to the CH out-of-

plane bends included in the fast-VCIPSI calculation. Since the b-hcp frequencies of the

CH out-of-plane bends are not in between the frequencies for the t-fcc and fcc frequencies

(except for mode 22), the number of couplings included in the fast-VCIPSI calculation

cannot be responsible for the shift – there is no linear relationship between the number

of couplings included and the vibrational frequencies. The deviation must be due to

the nature of the couplings. Because the CH out-of-plane bends are so different for the

different adsorption sites, they can serve as an indicator at which structure is present in

the experiment. Since the CH out-of-plane bends are not different at the harmonic level,

but deviate significantly at the anharmonic level, anharmonic effects are very important

for an understanding of the influence the environment has on the molecule. Without

explicitly considering the shape of the PES but only the forces acting on the ions at

91



6 Application: 4-MPy on Au(111)
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Figure 6.7: Mode–mode couplings to the CH out-of-plane vibrations of 4-MPy adsorbed
at different adsorption sites. Couplings marked with white dots are included
in the fast-VCIPSI calculation.

equilibrium position, the differences between the structures are not accessible.

To study the effect and magnitude of vibrational anharmonicity for the adsorbate,

the relative deviation of the anharmonic frequencies with respect to the harmonic fre-

quencies is displayed in Fig. 6.8, where the different contributions to the anharmonicity

are singled out. The relative deviations for the different contributions are calculated as

above. The adsorbate modes in the medium energy range (300-1600 cm−1, modes 14-35)

show small anharmonic effects, at most 5%. However, the measure w is expressed in

percent, and thus less sensitive to deviations for modes with high vibrational frequency.

The CH stretches (modes 36-39) contain large 2-D-anharmonicity contributions, as is
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6.3 Experimental spectrum of 4-MPy on Au(111)

typical for these energetically close-lying modes. The soft modes 5 - 13 are largely an-

harmonic; these are mainly artificial lattice vibrations, and ring buckling (mode 13). Of

these, modes 10, 12 and 13 show large correlation contributions. Mode 4 (frustrated

translation) has a very large 1-D anharmonicity, where the frustrated rotations (modes

1-3) contain all three anharmonicity contributions almost to an equal amount. Same as

the torsional motion, these modes are not well described using rectilinear coordinates,

and are therefore strongly coupled.
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Figure 6.8: Anharmonicity contributions to the vibrational frequencies of 4-mercapto-
pyridine/Au(111) b-hcp site

6.3 Experimental spectrum of 4-MPy on Au(111)

Several experimental groups have already performed SERS measurements of the vi-

brational spectrum of the 4-MPy adsorbate on a rough gold surface[171], on a gold

nanohole array[172], and on a silver film[137, 138, 173]. The electric field enhance-

ment is larger on the Ag surface, so that more transitions can be observed here. The

transition frequencies measured on the Ag compared with the Au surface are very sim-
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6 Application: 4-MPy on Au(111)

ν̃SERS ν̃b−hcp ν̃t−fcc ν̃fcc

35 CC stretch 1612 1540 1539 1516
34 CC/CN stretch 1581 1536 1425 1542
33 CH bend 1440* 1434 1415 1414
30(31) CH/CS bend; CC/CN stretch 1279 1264 (1285) 1282
29(30) CH bend; CN stretch 1201 1193 (1199) 1180
28 ring breathing; CS stretch 1099 1051 1072 1052
27 CH rock 1061 1083 1056 1064
26 CH rock; CNC breathing 1028 1051 1048 1032
25 ring breathing 1005 973 969 967
23(24) CH bend (oop) 920* 948 (940) (909)
23 CH bend (oop) 859 · · · 868 883
22 CH bend (oop) 809 829 830 · · ·
21(22) CH bend (oop) 777 785 · · · (788)
20 ring buckling 723 715 716 705
19 CC bend 712 664 682 652
18 CC bend 661 650 654 645
17 ring buckling 489 510 491 480
16 CS stretch; ring breathing 389 378 388 391
14 AuSC/SC bend 323 292 265 278

MAD 0 27 29 27
RMSD 0 32 46 36

Table 6.5: Comparison of SERS and calculated fast-VCIPSI transition frequencies for
4-MPy; experimental spectra were measured on a Ag film[138],*[173]. Mode
numbers in parentheses correspond to transition frequencies in parentheses.

ilar (e.g. ring breathing mode at 1005 cm−1(Ag)/ 1000 cm−1(Au); CH in-plane bend at

1201 cm−1(Ag)/1206 cm−1(Au)). In the following, the calculated frequencies are com-

pared to experimental spectra obtained on the Ag surface, since there is more data

available. In Table 6.5, the experimental and assigned theoretical vibrational frequen-

cies are listed. The overall agreement between calculated and experimental frequencies

is good, with an MAD of 25-28 cm−1, with 18 assigned transitions. For the t-fcc site, the

RMSD is significantly larger than the MAD (46 cm−1). This is due to the large deviation

on the CC/CN stretch (about 150 cm−1). However, this mode has been clearly identified

in the experiment, and also other groups have reproduced the experimental value, so

that there is no doubt about the assignment.

In Fig. 6.9, the experimental and calculated transition frequencies for the three ad-

sorption sites are compared graphically. The different parts of the spectrum are divided

into groups of normal-mode vibrations, in order to emphasize the different accuracy with
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6.3 Experimental spectrum of 4-MPy on Au(111)

which the vibrational frequencies can be predicted.

The ring stretching modes, like CC and CN stretches, are as expected clearly lower in

the calculation than in the experiment due to the underestimation of the bond strength

with PBE (see section 4.3.3). The underestimation of the ring stretches amounts to

50 - 60 cm−1.

In case of the CH in-plane bends, the calculated frequencies are in good agreement with

the experiment (MAD of less than 10 cm−1). Also in the region of 1000 - 1100 cm−1,

the predicted frequency for the CH bends matches the experimental value. The ring

breathing modes are underestimated by the theoretical calculation, being 40 - 50 cm−1

too low. The ring breathing mode is a combination of stretching and bending motion of

the ring system, and the deviation may be due to the failing description of the stretching

part of the vibrational motion.

The CH out-of-plane bends are the most sensitive to the surrounding of the molecule

as shown in the previous section 6.2. The best agreement is obtained for the fcc site

with the best matching peak pattern, however, in all three cases only three of the four

out-of-plane bends can be assigned. For the low-frequency ring deformation vibrations,

the agreement of theory and experiment is again good (MAD ≈ 20 cm−1).

Concluding, the theoretical predictions agree very well with the SERS experiments,

yielding an MAD of less than 30 cm−1 on the bending vibrations; nevertheless, the
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Figure 6.9: Measured SERS transition frequencies of 4-MPy on a Ag film[138, 173], in
comparison with calculated fast-VCIPSI frequencies for the three different
adsorption sites (oop = out-of-plane, ip = in-plane).
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6 Application: 4-MPy on Au(111)

stretching vibrations are underestimated by 50 - 60 cm−1 up to more than 100 cm−1.

Part of the deviations can be due to the acidic surrounding in the experiment (pH =

4.74), where nitrogen is protonated.

However, if the SERS data is compared to the harmonic frequencies, the MAD and

RMSD are lower than for the fast-VCIPSI frequencies: MADb−hcp = 21 cm−1, MADt−fcc

= 23 cm−1, and MADfcc = 26 cm−1 (RMSDb−hcp = 27 cm−1, RMSDt−fcc = 30 cm−1, and

RMSDfcc = 33 cm−1). The reason for this lies in the better agreement of the stretching

vibrations with the experiment due to the error cancellation of too soft bonds and the

use of a harmonic potential. Also, the CH out-of-plane bends change their order in the

assignment of the harmonic frequencies, compared to the assignment of the anharmonic

frequencies.

IET spectra of 4-MPy on Au(111) were measured by Anna Tschetschetkin and Apl.

Prof. Berndt Koslowski from the Institute of Solid State Physics of Ulm University[174].

These spectra were obtained at different areas of the surface, at the elbow of the Her-

ringbone reconstruction[175], where 4-MPy adsorbs preferably, and at the fcc terrace

(see Fig. 6.10). No 4-MPy is found at the hcp domain.

Figure 6.10: STM picture of 4-MPy molecules at lower than 10% coverage and low tem-
perature at the Au surface (40 nm×40 nm). Picture recorded by Anna
Tschetschetkin and Apl. Prof. Berndt Koslowski from the Institute of Solid
State Physics of Ulm University[174].

Using the existing SERS data and the calculated anharmonic transition frequencies,

the IET spectra can be assigned as in Table 6.6. The MAD of the transition frequencies

recorded at the elbow and fcc surface with respect to the SERS frequencies is 2.4 meV

(19 cm−1, elbow) and 2.2 meV (18 cm−1, fcc); the RMSD is 3.0 meV and 2.7 meV, re-
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6.3 Experimental spectrum of 4-MPy on Au(111)

νelbow (meV) νfcc (meV) νSERS (meV)
31(35) CC stretch 200.5 198.2 199.9
30(34) CC/CN stretch (S) 198.2 196.0
29 187.0 188.0 182.9
28(33) CH bend 181.1 180.8 178.5
27 (S) 174.7 174.6
26(32) CH bend; CC/CN stretch 170.2 169.2 · · ·
25(31) CH bend; CC/CN stretch 163.0 163.0 · · ·
24(30) CH/CS bend; CC/CN stretch 157.7 156.6 158.6
23(29) CH bend; CN stretch 146.7 152.6 148.9
22 · · · 142.7 140.2
21(28) ring breathing; CS stretch 138.7 136.1 136.3
20(27) CH rock 126.7 130.6 131.5
19(26) CH rock; CNC breathing 126.7 130.6 127.5
18(25) ring breathing (S) 124.9 124.6
17(24) CH bend (oop) 111.6 113.4 114.1
16(23) CH bend (oop) (S) 109.7 106.5
15(22) CH bend (oop) 101.6 105.3 100.3
14(21) CH bend (oop) 96.4 98.9 96.3
13(20) ring buckling · · · · · · 89.6
12(19) CC bend (S) 88.5 88.3
11(18) CC bend 84.8 83.6 82.0
10 76.0 74.8 · · ·
9(17) ring buckling 64.2 65.5 60.6
8 54.6 55.4 52.7
7(16) CS stretch; ring breathing 45.9 47.9 48.2
6(14) AuSC/SC bend 32.3 36.9 40.0
5 W/Au (S) 28.9 · · ·
4(4) W/Au; frustrated translation 22.6 19.0 · · ·
3(8) W/Au 12.7 13.1 · · ·
2(5) W/Au (S) 8.4 · · ·
1(1) W/Au; frustrated rotation 2.4 2.2 · · ·

Table 6.6: Assignment of the two IET spectra, together with the SERS data for 4-
MPy[138, 173]. Mode numbers in parentheses according to the numbering
at the b-hcp site. (S) indicates a shoulder in the experimental spectrum.
(oop) stands for out-of-plane vibration.
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6 Application: 4-MPy on Au(111)
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Figure 6.11: IET signal of 4-MPy recorded at the elbow of the Herringbone reconstruc-
tion (a) and at the fcc surface (b). The dotted line is the symmetric con-
tribution to the IET signal after Savitzgy-Golay (SG) smoothing, and the
solid line after a subsequent filtering with a 0.5 fast-Fourier transform filter.
The normal–mode assignment is illustrated at the b-hcp adsorption site.
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6.3 Experimental spectrum of 4-MPy on Au(111)

fast-VCIPSI harmonic
νb−hcp νt−fcc νfcc ωb−hcp ωt−fcc ωfcc

elbow
MAD 3.3 3.3 3.3 3.6 3.4 3.7
RMSD 4.3 4.1 4.6 4.3 4.0 4.8

fcc
MAD 3.2 4.1 3.8 3.0 3.0 3.8
RMSD 3.9 6.2 4.7 3.6 3.7 4.5

Table 6.7: Deviations of the calculated fast-VCIPSI and harmonic transition frequencies
with respect to the two IET measurements, in meV.

spectively. The agreement between SERS and IETS is thus very good.

The assignment of the normal–mode vibrations, and the experimental spectrum is

shown in Fig. 6.11. The noise level of the experimental spectrum is marked with a grey

line. The low-frequency modes below 30 meV (peaks 1 - 5) contain vibrations of the

W tip and the Au lattice, but also contain the low-frequency frustrated rotations and

translations. The spectrum is only analyzed up to 200 meV, because the noise level is

too high at higher energies. Generally, all peaks are very close to the noise level, but

the features are reproduced in the experiment with a slight shift of at most ±2 meV, as

a comparison of spectrum (a) with (b) shows. Most of the vibrations of the adsorbate

are observed in the IET spectrum, except some of the out-of-plane vibrations of the

ring system. The largest deviations between calculated and experimental transition

frequencies are obtained for the ring stretches and ring breathing modes.

A comparison with the calculated frequencies yields deviations as shown in Table

6.7. The deviations are based on a comparison of 17 (b-hcp), 15 (t-fcc) and 16 (fcc)

fast-VCIPSI frequencies for the elbow site and 19 fast-VCIPSI frequencies for the fcc

site. The MADs of the harmonic frequencies were calculated using 17 frequencies for

the elbow, and 19 frequencies for the fcc spectrum.

For the spectrum measured at the elbow site, the MADs of the fast-VCIPSI cal-

culations are slightly lower than the harmonic ones. The RMSD of the anharmonic

frequencies is similar to the harmonic frequencies due to the large deviations on the

stretching modes. From only the MAD, no conclusions can be drawn concerning the

adsorption site.

The fast-VCIPSI and harmonic MADs with respect to the fcc site are again very

similar, except for the t-fcc site due to the low anharmonic ring stretch frequency. The

agreement for the b-hcp site is the best, 0.6 meV (5 cm−1) lower than the MAD of the

fcc site.

The large number of peaks in the IET spectrum makes an assignment cumbersome.
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6 Application: 4-MPy on Au(111)

Furthermore, the peaks are partly very close to or even below the noise level. In order

to facilitate the assignment, and also to prove that all the vibrations of 4-MPy can be

observed in the IET spectrum, the IET intensities were simulated as explained in the

Appendix A2. The theoretical IET spectrum is shown in Fig. 6.12. The intensity is given

as percental change in conductance, and is not directly comparable to the experimental

intensity which is given as a current. In the calculation, all vibrational transitions are

visible in the IET spectrum. The largest intensity is obtained for the totally symmetric

CH out-of-plane bend (mode 21 at 97.3 meV) with ηtot = 1.88%. Note that also two

of the CH in-plane vibrations (modes 27 and 30 at 134.4 meV and 156.7 meV) have

a large intensity. The modes which were not observed in the experiment, modes 15

and 20 at 43.5 meV and 88.6 meV both have a theoretical inelastic efficiency of 0.76%

and form peaks of medium height in the simulated spectrum. The smallest theoretical

peaks are obtained for the AuSC bend at 36.2 meV and one of the CH in-plane bends

at 147.9 meV (modes 14 and 19). The peak at 9.0 meV is very intense due to the large

number of possible vibrational transitions in this region.
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Figure 6.12: Simulated IET spectrum and inelastic efficiencies for 4-MPy adsorbed at
the b-hcp site. Peaks are broadened with a Gaussian of 16 cm−1 FWHM.
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6.3 Experimental spectrum of 4-MPy on Au(111)

elbow
fcc

700 800 900 1000 700 800 900 1000 700 800 900 1000 700 800 900 1000 700 800 900 1000

(a) b-hcp (b) t-fcc (c) fcc (d) defect (e) adatom

fast-VCIPSI

Figure 6.13: Simulated vibrational spectrum of only the CH out-of-plane bends. (a) 4-
MPy adsorbed at the b-hcp site; (b) at the t-fcc site; (c) at the hollow site;
(d) at the defect site; (e) at the adatom site. Peaks are broadened with a
Gaussian of 16 cm−1 FWHM.

In order to investigate the adsorption site and geometry of the adsorbate in the exper-

iment, the vibrational spectrum of only the CH out-of-plane bends is simulated. Here,

the intensity for each of the four modes was set to one, and the peaks are broadened

with a Gaussian, using a width of 16 cm−1. The peak pattern is shown in Fig. 6.13.

There are significant differences between the peak patterns of 4-MPy adsorbed at

different sites. In the experiment, at both the elbow and the fcc site, three peaks can

be distinguished in the spectrum, where the two peaks with lower energy are sharper

than the third one at higher energy. This implies that the third peak could contain

more than a single vibrational transition. Comparing the theoretical to the experimental

peak positions, it becomes apparent that the lowest-energy CH out-of-plane bend for the

structures with the adsorbate at the t-fcc, fcc and adatom site lies significantly below

the experimental one, at about 40 - 100 cm−1. Furthermore, spectra (b) and (e) have a

different peak pattern - in (b), the second and third vibrational transition form almost a

single peak, where in (e) four peaks are distinguishable. In (a) and (d), the peak positions

are in much better agreement with the experiment; the two lowest-energy CH out-of-

plane bends match the experimental ones very well, only the two higher ones are about

24 cm−1 (3.0 meV) too high. This is still within the combined limits of experimental and

theoretical accuracy; the latter is dictated by the electronic-structure method used, and

also the neglect of couplings in the modewise expansion of the PES contributes to the

theoretical inaccuracy.

The peak pattern of (a) and (d) is in agreement with the experiment; the peak pattern

of the adsorbate at the b-hcp position is in slightly better agreement with the experi-
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6 Application: 4-MPy on Au(111)

mental spectrum recorded at the fcc site, where the spacing of the two lower transitions

is larger. For the adsorbate at the defect site, the two lowest transitions are very close

to each other with 24 cm−1 difference between the two, which is in better agreement

with the experimental spectrum recorded at the elbow site. However, such small details

should not lead to any conclusive statements since these features are within the accuracy

limits. Nevertheless, it can be concluded from Fig. 6.13 that in the experiment, the ad-

sorbate is in a bridge-like adsorption geometry. According to our results, an adsorption

at the t-fcc, fcc and adatom site on Au(111) can be excluded.

However, the experimental structure cannot be unambiguously assigned to the b-hcp

or defect structure, since there are still some inconsistencies such as the peaks of the

IET spectrum which could not be assigned. Additional tests have been carried out with

4-MPy where the nitrogen is protonated, in order to investigate wether the unassigned

peaks could be reproduced. The possibility of a protonated 4-MPy was implied by the

fact that some of the unassigned IET peaks are present in the SERS spectrum, which

is obtained at acidious conditions. The results of the calculation are not shown here,

however, the agreement between theory and experiment was worse than for the other

structures, so that a protonation can also be excluded.
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7 Summary

We have introduced a scheme which enables the prediction of anharmonic vibrational

frequencies for relatively large systems. For the first time, anharmonic vibrational calcu-

lations were performed on adsorbed systems, taking into account the interaction between

adsorbate and lattice vibrations via the inclusion of lattice atoms in the partial Hessian,

and also explicitly treating the electronic structure with periodic DFT.

Our method makes use of the Harris functional for the pre-screening of the PES,

in order to determine the important mode–mode couplings. We have shown that the

Harris functional is very suitable for predicting the relative strength of the mode–mode

couplings for the systems studied. It yields results in very good agreement with those

obtained from a pre-screening using PM3 or MP2/SBK(d,p). Furthermore, we intro-

duced an automatic selection of the strong couplings based on the box plot analysis

gives very reasonable results, and is system-independent. Here, the excess kurtosis can

be used as a control parameter to test if the scheme is appropriate. Also the selection

of the strong couplings is greatly simplified for large systems.

Tests on mercaptomethane and pyridine showed that the accuracy of the vibrational

frequency obtained using DCVMP2 with the given basis set and method lies between

30 and 40 cm−1. The fast-DCVMP2 frequencies deviate from experimental data by less

than 40 cm−1 for the same PES; thus, neglecting weak mode–mode couplings introduces

an additional deviation in the region of just 10 cm−1 compared to experiment. The

pyridine calculations showed that there can be very large basis set effects for the out-of-

plane vibrations of π-systems.

Further tests on 4-MPy yield a good agreement between our predictions and the ex-

perimental transition frequencies for the MP2/TZP electronic-structure method (MAD

= 12 - 19 cm−1), and a significant improvement over the harmonic results (MAD = 30 -

159 cm−1) since these show very large deviations for some modes. Harmonic-frequency

calculations using different density-functional approximations with a Gaussian and a

plane-wave basis set showed that the basis set effect is small for the density-functional

methods. A fast and a full VCIPSI calculation with (Harris@)PBE/PAW made appar-
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7 Summary

ent that all stretching frequencies are massively underestimated with this electronic-

structure method, while the bending modes are described sufficiently accurate. It is well

known that GGA functionals yield too large bond lengths, and therefore a too soft bond

stretching potential. The CH stretches are underestimated by ≈ 160 cm−1, and the ring

stretches by 50 - 60 cm−1. The bending modes are described with a satisfying accuracy

of 20 - 30 cm−1. A comparison of the anharmonicity contributions of the full and the

fast-VCIPSI calculations shows that there are very small differences between the two,

and therefore the approximation to exclude weak mode–mode couplings is applicable.

The scheme enables an efficient computation of anharmonic transition frequencies

with an accuracy of ≈ 30 cm−1 on average in comparison with experiment, of which

at most 10 cm−1 is due to neglecting weak mode–mode couplings. In comparison with

the full procedure, the fast calculation achieves substantial time savings in the PES

construction and in the actual vibrational part of the VSCF and correlation calculation.

This method provides a general and computationally efficient approach to anharmonic

vibrational calculations of large molecules, when the full spectrum of the system is

required.

The large amounts of SPE calculations for the PESs were handled by shell scripts.

These scripts organize the calculations into bundles and submit them to the queueing

system. Without these scripts, which make the PES construction massively parallel and

are ideal for grid applications, an ab initio treatment of such large systems as in this

work is computationally insensible.

The first application studied here, acetylene adsorbed at the Cu(100) surface, focused

on the prediction of the anharmonic frequencies with different electronic-structure meth-

ods. It was shown on the free molecule that the bending vibrations are very sensitive to

the basis-set size. The DFT frequencies show a significant improvement with the level

of density-functional approximation, where TPSS, PBE0 and OPBE perform the best.

Four methods were chosen for the anharmonic vibrational treatment of the adsorbed

molecule (PBE/PAW, PBE/GPW, TPSS/GPW and OPBE/GPW). The PAW results

are superior to the GPW results, however, in all of the calculations the rehybridization

of the carbon atoms upon adsorption is described insufficiently. The CC bond remains

too strong. Thus the π-back-donation from the metal d-band to the carbon antibonding

π∗-orbital is too small. Also, the CuC σ-bond is not strong enough, which manifests in a

too low metal-adsorbate stretch frequency. This failure in the description of the bonding

between the adsorbate and the surface leads to very large deviations of the anharmonic

frequencies from the experimental values. Still, the bending modes are best described
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with PBE/PAW, and the CH stretches with OPBE/GPW.

The second system investigated, 4-MPy on Au(111), is a well-studied system in the

SFB 569 in Ulm, and a possible building block for future ME applications. We showed

that at the harmonic level, there is no significant difference between the vibrational

frequencies of the adsorbate at different adsorption sites. However, at the anharmonic

level, the CH out-of-plane bends appear at characteristic frequencies for each of the

adsorption sites. Here, the b-hcp and defect site are similar to each other, and the

t-fcc, fcc upright and adatom site are similar to each other. In the group of Prof. Dr.

Ziemann, Institute of Solid State Physics in Ulm, Anna Tschetschetkin and Apl. Prof.

Dr. Berndt Koslowski performed STM experiments on the 4-MPy/Au(111)-system and

recorded IET spectra. The experimental spectra could be assigned with the help of the

theoretical vibrational analysis and SERS data from the literature. Also, theoretical

IET intensities were predicted, to show that in principle all vibrational transitions of

this molecule can be observed in the IETS. In order to assign an adsorbate structure

to the experimental data, the theoretical spectrum of the CH out-of-plane bends was

simulated and compared to experiment. The t-fcc, fcc upright and adatom site could

be excluded from the possible adsorption sites; in the experiment, the molecule must be

adsorbed in a bridge-like geometry.

We have shown that from anharmonic calculations, much can be learned about the

strengths and failures of different electronic-structure methods. In addition to that, an

anharmonic treatment is indispensable in structure determination; a simple harmonic

calculation is indifferent towards the subtleties of the molecular surroundings. For an ac-

curate description of the molecule and its surrounding matrix, an anharmonic treatment

of the vibrations is mandatory.
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A Appendix

A1 Computational details

The anharmonic frequencies are obtained using our own VSCF code[54, 53]. Our im-

plementation uses the ab initio energy values computed for 16 regularly spaced grid

points along each normal coordinate to interpolate a finer-meshed representation of the

PES using a cubic-spline algorithm. Each mode–mode coupling term is computed for

256 regularly spaced grid points (16×16) and then interpolated on a finer mesh using

bicubic interpolation[176]. The 1-D VSCF equations are solved using the Fourier grid

Hamiltonian (FGH) method proposed by Balint-Kurti et al.[177, 178].

A1.1 Methanol

The MP2[179] and PM3[180, 181] calculations on methanol were carried out with Gamess-

us[153]. In the MP2 calculations, the Stevens-Basch-Krauss pseudo-potential basis

(SBK)[182, 183, 184] augmented by a set of polarization functions was used. The Harris

functional calculations were carried out with Cp2k[113],using the Quickstep option[185]

and periodic boundary conditions, within the local-density approximation[101, 70]. We

use Goedecker-Teter-Hutter (GTH) pseudo potentials[111, 112], a basis set consisting of

double-zeta valence functions with polarizations, and a 13×13×13 Å3 cubic supercell.

The (fast-)GDMP2 calculations were carried out using seven virtual excitations.

A1.2 Mercaptomethane

The MP2[179] calculations were carried out with Gamess-us in the frozen-core ap-

proximation, using Dunning’s all-electron triple-zeta valence basis[186] with one set of

polarization functions (TZP). The Harris functional calculations were carried out with

Cp2k[113],using the Quickstep option[185] and periodic boundary conditions, within

the local-density approximation[101, 70]. We use Goedecker-Teter-Hutter (GTH) pseudo
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A1 Computational details

potentials[111, 112], a basis set consisting of double-zeta valence functions with polariza-

tions, and a 13×13×13 Å3 cubic supercell. The (fast-)GDMP2 calculations were carried

out using seven virtual excitations.

A1.3 Pyridine

The MP2[179] calculations were carried out with Gamess-us in the frozen-core approx-

imation, using Dunning’s all-electron triple-zeta valence basis[186] with one and two

sets of polarization functions (TZP and TZ2P). The Harris functional calculations were

carried out with Cp2k[113], using the Quickstep option[185] and periodic boundary

conditions, within the local-density approximation[101, 70]. We use Goedecker-Teter-

Hutter (GTH) pseudo potentials[111, 112], a basis set consisting of double-zeta valence

functions with polarizations, and a 13×13×13 Å3 cubic supercell. The (fast-)GDMP2

calculations were carried out using seven virtual excitations.

A1.4 4-Mercaptopyridine

Harris@MP2/TZP The MP2[179] calculations were carried out with Gamess-us in

the frozen-core approximation, using Dunning’s all-electron triple-zeta valence

basis[186] with one set of polarization functions (TZP). The Harris functional cal-

culations were carried out with Cp2k[113], using the Quickstep option[185] and

periodic boundary conditions, within the local-density approximation[101, 70]. We

use Goedecker-Teter-Hutter (GTH) pseudo potentials[111, 112], a basis set consist-

ing of double-zeta valence functions with polarizations, and a 13×13×13 Å3 cubic

supercell. The (fast-)GDMP2 calculations were carried out using seven virtual

excitations.

Gaussian basis set The calculations with different density-functional approximations

were carried out with Gaussian03[99] and Gamess-us. In both cases the TZP ba-

sis set[186] was used represented in spherical (Gaussian03) and cartesian (Gamess-

us) basis functions.

PAW calculations The LDA, PW91[187, 188, 189] and PBE[71] calculations using the

PAW method[107] were carried out using Vasp[110]. A 10×10×12 Å3 tetragonal

supercell was used. The plane-wave cutoff was set to 400 eV, and the cutoff for the

augmentation charges to 450 eV.
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A Appendix

The Harris functional calculations were performed with Cp2k and GTH pseudo

potentials with a basis set consisting of double-zeta valence functions with polar-

izations.

The (fast)-VCIPSI calculations were done using seven virtual excitations and the

Davidson diagonalization routine for the CI matrix.

A1.5 Acetylene

For acetylene, a variety of electronic structure programs was used: The CCSD(T)

calculations[190, 191, 192, 193] were performed with Psi3[152] using Dunnings correlation-

consistent basis set aug-cc-pVTZ[194, 195], and the MP2[179] calculations with Gamess-

us and the aug-cc-pVQZ basis[194, 195] using the frozen-core approximation.

The PBE[71], TPSS[77], PBE0[84], and OPBE[76, 71] calculations with Gamess-us

were carried out using the all-electron triple-zeta valence basis[186] with two sets of

polarization functions (TZ2P).

The OPBE calculation with Orca were done in the RI approximation[154, 196] using

Ahlrichs quadruple-zeta basis[197] with two sets of polarization functions (QZPP) and

an automatically constructed Coulomb fitting basis.

The LDA[101, 70] and PBE calculations using the PAW method[107] were carried out

with Vasp[110]. A 10×10×14 Å3 tetragonal supercell, and for PBE also a 12×12×16 Å3

tetragonal supercell was used. The plane-wave cutoff was set to 400 eV, and the cutoff

for the augmentation charges to 450 eV.

The LDA, PBE, TPSS and OPBE calculations with Cp2k[113] were performed using

periodic boundary conditions and a 10×10×14 Å3 tetragonal supercell. The plane-wave

cutoff was set to 300 Ry (≈ 4080 eV). The basis set was of triple-zeta quality with two sets

of polarization functions optimized for accurate calculations on molecular systems[198],

and GTH pseudo potentials[111, 112]. For TPSS and OPBE, where no optimized pseudo

potentials are available, the PBE pseudo potentials were used.

For the PES generation, in the case of the CCSD(T) calculation, 16 grid points were

used along each dimension, and then the grid points were redistributed such that the

potential contains at least nine excited states for each mode. The VCIPSI calculation

was carried out using nmax = 9. In all other calculations, 16 regularly-spaced grid points

were used, and seven virtual states in the VCIPSI calculation; tests showed, that the

difference between the two approaches is negligible for this molecule.
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A1.6 Acetylene on Cu(100)

The PBE[71] calculation using the PAW method[107] was carried out with Vasp[110]

in a slab approach. A (
√

8 ×
√

2)R45 surface unit cell was used, with a vacuum layer

of 12.5 Å thickness, and three layers of Cu atoms. The uppermost Cu layer was allowed

to relax in the calculation, the two lower layers were kept fixed at experimental bulk

distance. The plane-wave cutoff was set to 400 eV, and the cutoff for the augmentation

charges to 450 eV. The Brillouin zone was sampled using 25 k-points.

For the Hessian calculation, all Cu atoms of the uppermost layer were included in the

partial Hessian. The step size for the atomic displacements was 0.01 Å. Only one k-point

(Γ-point) was used.

The PBE, OPBE[76, 71] and TPSS[77] calculations Cp2k[113] were performed using

the GTH pseudo potentials[111, 112] optimized for PBE, and a molecularly optimized

triple-zeta basis with two sets of polarization functions[198]. The cutoff energy was set

to 300 Ry. For the OPBE and TPSS calculations, a finer grid for the representation of

the density was used.

The Harris functional calculations were carried out with Cp2k and GTH pseudo

potentials with a basis set consisting of double-zeta valence functions with polarizations,

and a plane-wave cutoff of 200 Ry.

The PES generation, which was partly carried out on the bwGRiD[114], was performed

using the same cutoff parameters as in the optimization and Hessian calculation. In the

Vasp calculation, only one k-point was used.

In the fast-VCIPSI calculation, seven virtual states were included.

A1.7 4-Mercaptopyridine on Au(111)

The PBE[71] calculation using the PAW method[107] was carried out with Vasp[110]

in a slab approach. A 3× 3 surface unit cell was used, with a vacuum layer of ≈ 17.5 Å

thickness (depending on the adsorbate geometry), and three layers of Au atoms. The

uppermost layer was allowed to relax in the calculation, the two lower layers were kept

fixed at the theoretical bulk distance optimized with PBE. The plane-wave cutoff was

set to 400 eV, and the cutoff for the augmentation charges to 450 eV. The Brillouin zone

was sampled using 25 k-points.

For the Hessian calculation, only the Au atoms directly connected to S were included

in the partial Hessian (b-hcp: two Au atoms, t-fcc: one Au atom, fcc: three Au atoms,

defect: two Au atoms, adatom: one Au atom). The step size for the atomic displace-

109



A Appendix

ments was 0.005 Å. Only one k-point (Γ-point) was used.

The Harris functional calculations were carried out with Cp2k[113] and GTH pseudo

potentials[111, 112] with a basis set consisting of double-zeta valence functions with

polarizations, and a plane-wave cutoff of 200 Ry.

The PES generation for the structures was done on partly on the TheoChem cluster,

and partly on the bwGRiD[114]. Due to the high computational demand of such a large

system, the energy cutoff had to be reduced to 350 eV, and the augmentation-charge

cutoff to 400 eV. Only one k-point was used.

In the fast-VCIPSI calculation, seven virtual states were included.

The calculation of the IET intensities was carried out according to the IETS recipe

of the bSKAN[199] developers, using the following parameters: The STM file (WAVE-

CAR) of the optimized system was generated using the modified Vasp version with an

additional line in the INCAR file

STM = 4.787736 7.407204 0.052918 -90 2.0 2.0

which means that the minimum and maximum tip position is at z = 4.787736 Å and

7.407204 Å, respectively. The step size for the z-position is 0.052918 Å, such that 50

points can be sampled. The parameter −90 determines the window function for the

energy, and the energy range scanned is 2.0 eV below and above the Fermi level. Here,

the energy range must be sufficient to include the vibration with the highest energy.

The displaced geometries were generated using an RMS displacement scaling factor

of 0.5. The effective displacement depends on the energy of the normal mode vibration.

STM files were generated with Vasp-iets for each positive and negative displacement,

using the STM line

STM = 4.787736 7.407204 0.052918 100 2.0 2.0

The change in the wave function was evaluated with the deltaWF program. The number

of bands in the Vasp calculations was NBANDS = 200 with NGX = 60, NGY = 60,

and NGZ = 180. The broadening σ was set to 0.4 eV. This value determines the energy

window for the calculated efficiency. The energy window should run from at least −3σ

to +3σ (better: factor 5), and should be below the energy window of the STM file

generation. Here, it was set to−1.6 - 1.6 eV. The calculation was done using perturbation

evaluations.

The STM file generation for the perturbations was constructed with Vasp-iets, using

the line
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STM = 4.787736 7.407204 0.052918 -90 2.0 2.0 -2.1173

in the INCAR file.

Finally, the current is evaluated with bSKAN in the Tersoff-Hamann approximation.

First, the value of the LDOS (the tip-sample distance) has to be found at which the

experiment is carried out. For the optimized system, a current matrix is generated at

different tip–sample distances. For a comparison, a Bardeen calculation of the tunneling

image is done using the experimental bias voltage and current (0.28 eV and 90 pA), corre-

sponding to an average tip–sample distance of 2.41 Å. Then, the Bardeen STM picture

was compared to the Tersoff-Hamann pictures at different LDOS values. The corre-

sponding Tersoff-Hamann image was found for the LDOS contour value of 0.03787 eV.

For the current grids generation of the principal and inelastic contributions for each

mode, the bias had to be set to the (harmonic) frequency value. The limits were set to

-1.1 to 1.1, and 101 grid points were used.

The constant current efficiency map was generated for each of the displacements at the

LDOS value of 0.03787 eV. From the generated maps, the maximum of the total inelastic

efficiency was chosen as intensity. The intensity itself varies in dependence of the xy-tip

position; however, at a distance of ≈ 2.4 Å, mostly the maximum of the intensity will

play a role in the tunneling efficiency.
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A2 Computation of the IET intensities

The IET intensities are calculated from the tunneling current between surface and tip.

The tip is represented as an s-wave centered at rt, and the current can then be expressed

as introduced by Tersoff and Hamann[200, 201]

I ∝
∑
m

|Ψ(rt)|2δ(εF − εm) = ρ(rt, εF ) (A.1)

Here, ρ(rt, εF ) is the local density of states of the surface at the position of the tip, at

the Fermi energy εF .

The change in conductance due to the excitation of a vibration at eV = ~ν can be

calculated from the change in the sample wave functions. If the temperature is low

(no excited phonons present in the substrate), and the electron-vibration coupling and

tip-sample interactions are weak, the vibration represents a first order perturbation to

the sample wave functions Ψ [202]:

δΨn =
∑
m

Ψm
〈Ψm|∆V |Ψn〉
εn − εm + iδ

(A.2)

with the perturbing potential ∆V due to the vibration, and ε the eigenvalues of the

sample wave functions. In the implementation used in this work[199], the perturbation

is assumed to be linear in the nuclear coordinates (harmonic behaviour). In practice,

the perturbation potential is obtained by displacing the nuclei along the normal mode

vector and calculating the wave function

Ψ+
n ' Ψ0

n + fδQiΨ
0
n (A.3)

Ψ−n ' Ψ0
n − fδQiΨ

0
n (A.4)

The index n is a collective index representing the band m, k-point k and spin state σ.

The factor f ensures a scaled displacement, depending on the vibrational energy of mode

i, Q is the normal mode vector and 0 stands for equilibrium geometry. The unperturbed

wave function can be obtained from the sum of perturbed wave functions

Ψ0
n '

1

2

[
Ψ+

n + Ψ−n
]

(A.5)
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and the change to the wave function from the difference of the perturbed wave functions

δΨ0
n ' δQiΨ

0
n =

1

2f

[
Ψ+

n −Ψ−n
]

(A.6)

To account for phase differences of Ψ+
n and Ψ−n , the wave functions have to be renormal-

ized to their overlap, i.e. 〈Ψ+
n |Ψ−n 〉 = 1.

Now, by taking the limit for δ → 0, the first order perturbation to wave function n

(Eq. A2) can be rewritten as

δΨn ' δΨP
m − iπ

∑
m 6=n

Ψm〈Ψm|∆V |Ψn〉δ(εn − εm) (A.7)

These terms are usually defined as the principal (P) and secondary (I) contributions to

the inelastic perturbation

δΨine
n = ΨP

n + δΨI
n (A.8)

The matrix elements 〈Ψm|∆V |Ψn〉 can be evaluated from the overlap integrals of the

displaced wave functions - contributions from the same band and k-point (principal

contribution), and from different bands but same k-points (secondary contribution). For

different k-points, the matrix elements are zero. For the calculation of the secondary

contributions, the δ-functions are approximated by a Gaussian function (with the width

σ) for the sake of computational simplicity.

For a comparison with experiment, the change in the efficiency due to the inelastic

tunneling is evaluated. This efficiency ηine represents the change in differential con-

ductance due to the perturbation, and can be split into two parts in analogy with Eq.

A2:

ηine = ηP + ηI (A.9)

The tunneling electron can not only excite or de-excite a vibration (inelastic process),

the vibration can also mediate an exchange of the tunneling electron with an electron

from the bath (elastic process). This elastic exchange is mediated by the secondary

contributions to the perturbation and is negative (leads to a decrease of the conductance)

ηela = −2ηI (A.10)

The total change in conductance is then the sum of the two contributions

ηtot = ηine + ηela = ηP − ηI (A.11)
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In order to calculate the change in conductance, the change of the LDOS due to the

principal and secondary perturbation contributions in the Tersoff-Hamann picture is

defined as

δρP (rt, εF ) =
∑

m bands

|δΨP
m(rt)|2δ(εF − εm) (A.12)

δρI(rt, εF ) =
∑

m bands

|δΨI
m(rt)|2δ(εF − εm) (A.13)

The total efficiency can then be evaluated as

ηtot =
δρP (rt, εF )

ρ(rt, εF )
− δρI(rt, εF )

ρ(rt, εF )
(A.14)
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A3 Full lists of vibrational frequencies

mode ω̃ ν̃diag ν̃fast−DCVMP2 ν̃DCVMP2 ν̃exp

ν1(A
′) 12 3226 3246 3038 3017 3015

ν2(A
′) 10 3122 3086 2990 2985 2948

ν3(A
′) 9 2778 2688 2662 2656 2605

ν4(A
′) 8 1526 1525 1495 1488 1453

ν5(A
′) 6 1417 1420 1393 1387 1332

ν6(A
′) 5 1124 1131 [1131] 1101 1072

ν7(A
′) 3 819 844 788 813 802

ν8(A
′) 2 740 735 [735] 723 710

ν9(A
′′) 11 3224 3294 3006 2980 3012

ν10(A
′′) 7 1508 1508 1475 1475 1444

ν11(A
′′) 4 1008 1035 996 995 956

ν12(A
′′) 1 257 411 178 223 · · ·

MAD 104 106 37 30 0
MAXAD 211 282 61 55 0
RMSD 125 131 40 34 0

Table A1: Calculated harmonic, diagonal, fast-DCVMP2 and full DCVMP2 frequencies
for mercaptomethane (MP2/TZP); in cm−1. Uncoupled (diagonal) frequen-
cies among the fast-DCVMP2 frequencies are displayed in square brackets.
MAD (MAXAD) is the mean (maximum) absolute deviation, and RMSD the
root-mean-square deviation, from the experimental frequencies[133].
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mode ω̃ ν̃diag ν̃fast−DCVMP2 ν̃DCVMP2 ν̃exp

ν1(A1) 27 3261 3229 3145 3116 3094
ν2(A1) 25 3237 3252 3042 3030 3067
ν3(A1) 24 3221 3210 3049 3029 3030
ν4(A1) 22 1637 1638 [1638] 1608 1590
ν5(A1) 20 1521 1524 1499 1493 1483
ν6(A1) 16 1258 1262 1240 1243 1218
ν7(A1) 14 1100 1104 1086 1091 1072
ν8(A1) 12 1050 1049 [1049] 1040 1032
ν9(A1) 11 1011 1010 1008 998 991
ν10(A1) 4 607 608 [608] 605 601
ν11(A2) 5 661 884 872 976 982
ν12(A2) 9 817 889 832 939 875
ν13(A2) 2 314 371 370 445 371
ν14(B1) 26 3253 3312 3070 3037 3087
ν15(B1) 23 3220 3279 3020 3006 3042
ν16(B1) 21 1627 1631 [1631] 1597 1581
ν17(B1) 19 1484 1486 [1486] 1465 1442
ν18(B1) 18 1401 1407 1359 1385 1355
ν19(B1) 17 1385 1389 1378 1353 1225
ν20(B1) 15 1189 1202 1154 1183 1143
ν21(B1) 13 1086 1089 [1089] 1079 1052
ν22(B1) 6 662 663 [663] 659 654
ν23(B2) 8 789 857 912 982 991
ν24(B2) 10 827 905 854 981 937
ν25(B2) 3 490 645 739 797 744
ν26(B2) 7 691 752 653 754 700
ν27(B2) 1 292 516 410 491 403

MAD 95 79 36 33 0
MAXAD 321 237 153 128 0
RMSD 127 104 50 44 0

Table A2: Calculated harmonic, diagonal, fast-DCVMP2 and full DCVMP2 frequen-
cies for pyridine (MP2/TZP); in cm−1. Uncoupled (diagonal) frequencies
among the fast-DCVMP2 frequencies are displayed in square brackets. MAD
(MAXAD) is the mean (maximum) absolute deviation, and RMSD the root-
mean-square deviation, from the experimental frequencies[9].
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A4 Coupling maps and box plots

A4.1 C2H2 on Cu(100)

–1.0 –0.5 0.0 0.5 1.0
ζ (normalized and symmetrized)

γ2=103.4

(a) Coupling map C2H2 on Cu(100)
(Harris@PBE/PAW)

(b) Box plot C2H2 on Cu(100)
(Harris@PBE/PAW)
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Figure A1: (a) Coupling map and (b) histogram and box plot of C2H2 on Cu(100),
calculated with Harris@PBE/PAW. The fit of the coupling population to a
normal distribution is indicated with a dashed line. The excess kurtosis γ2

amounts to 103.4, and 41 couplings are included in the fast-VSCF calculation.
Mode 1, a Cu lattice vibration, was excluded from the analysis due to a
spurious imaginary frequency.
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(a) Coupling map C2H2 on Cu(100)
(Harris@PBE/GPW)
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(b) Box plot C2H2 on Cu(100)
(Harris@PBE/GPW)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1

1

(c) Coupling map C2H2 on Cu(100)
(Harris@OPBE/GPW)

(d) Box plot C2H2 on Cu(100)
(Harris@OPBE/GPW)
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γ2=85.6

Figure A2: (a) Coupling map and (b) histogram and box plot of C2H2 on Cu(100),
calculated with Harris@PBE/GPW. (c) Coupling map and (d) histogram and
box plot of C2H2 on Cu(100), calculated with Harris@OPBE/GPW. The fit
of the coupling population to a normal distribution is indicated with a dashed
line. The excess kurtosis γ2 amounts to 55.7 (Harris@PBE/GPW) and 85.6
(Harris@OPBE/PAW). 37 and respectively 23 couplings are included in the
fast-VSCF calculation.
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(a) Coupling map C2H2 on Cu(100)
(Harris@TPSS/GPW)

(b) Box plot C2H2 on Cu(100)
(Harris@TPSS/GPW)
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Figure A3: (a) Coupling map and (b) histogram and box plot of C2H2 on Cu(100),
calculated with Harris@TPSS/GPW. The fit of the coupling population to
a normal distribution is indicated with a dashed line. The excess kurtosis γ2

amounts to 74.6, and 29 couplings are included in the fast-VSCF calculation.
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A4.2 4-MPy on Au(111)
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(a) Coupling map 4-MPy at b-hcp site
(Harris@PBE/PAW)

(b) Box plot 4-MPy at b-hcp site
(Harris@PBE/PAW)

Figure A4: (a) Coupling map and (b) histogram and box plot of 4-MPy on Au(111),
at the b-hcp position, calculated with Harris@PBE/PAW. The fit of the
coupling population to a normal distribution is indicated with a dashed line.
The excess kurtosis γ2 amounts to 105.6, and 140 couplings are included in
the fast-VSCF calculation.
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(a) Coupling map 4-MPy at t-fcc site
(Harris@PBE/PAW)

(b) Box plot 4-MPy at t-fcc site
(Harris@PBE/PAW)
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(c) Coupling map 4-MPy at fcc site
(Harris@PBE/PAW)

(d) Box plot 4-MPy at fcc site
(Harris@PBE/PAW)
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Figure A5: (a) Coupling map and (b) histogram and box plot of 4-MPy on Au(111),
at the t-fcc position. (c) Coupling map and (d) histogram and box plot
of 4-MPy on Au(111), at the t-fcc position. All calculations were carried
out with Harris@PBE/PAW. The fit of the coupling population to a normal
distribution is indicated with a dashed line. The excess kurtosis γ2 amounts
to 77.6 (t-fcc) and 129.1 (fcc). 92 and respectively 122 couplings are included
in the fast-VSCF calculation.
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[170] J. Kučera and A. Groß, Langmuir 24 (2008), 13985.

[171] Q. Yu, P. Guan, D. Qin, G. Golden et al., Nano Lett. 8 (2008), 1923.

[172] H.-Z. Yu, N. Xia and Z.-F. Liu, Anal. Chem. 71 (1999), 1354.

[173] Z. Wang and L. J. Rothberg, J. Phys. Chem. B 109 (2005), 3387.

134



Bibliography

[174] Institute for Solid State Physics, http://www.uni-ulm.de/fkp/.

[175] J. V. Barth, H. Brune, G. Ertl and R. J. Behm, Phys. Rev. B 42 (1990), 9307.

[176] H. Akima, ACM Trans. Math. Softw. 22 (1996), 357.

[177] C. C. Martson and G. G. Balint-Kurti, J. Chem. Phys. 91 (1989), 3571.

[178] G. G. Balint-Kurti and C. L. Ward, Comput. Phys. Commun. 67 (1991), 285.

[179] M. Head-Gordon, J. A. Pople and M. J. Frisch, Chem. Phys. Lett. 153 (1988),

503.

[180] J. J. P. Stewart, J. Comp. Chem. 10 (1989), 209.

[181] J. J. P. Stewart, J. Comp. Chem. 10 (1989), 221.

[182] W. J. Stevens, H. Basch and M. Krauss, J. Chem. Phys. 81 (1984), 6026.

[183] W. J. Stevens, M. Krauss, H. Basch and P. Jasien, Can. J. Chem. 70 (1992), 612.

[184] T. R. Cundari and W. J. Stevens, J. Chem. Phys. 98 (1993), 5555.

[185] J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello et al., Comput. Phys.

Commun. 167 (2005), 103.

[186] T. H. Dunning, J. Chem. Phys. 55 (1971), 716.

[187] J. P. Perdew, Electronic Structure of Solids 91, Akademie Verlag, Berlin (1991).

[188] J. P. Perdew, J.A. Chevary, S. H. Vosko, K. A. Jackson et al., Phys. Rev. B 46

(1992), 6671.

[189] J. P. Perdew, K. Burke and Y. Wang, Phys. Rev. Lett. 54 (1996), 16533.

[190] J. Cizek, Adv. Chem. Phys. 14 (1969), 35.

[191] G. D. Purvis III and R. J. Bartlett, J. Chem. Phys. 76 (1982), 1910.

[192] G. E. Scuseria, C. L. Janssen and H. F. Schaefer III, J. Chem. Phys. 89 (1988),

7382.

[193] J. A. Pople, M. Head-Gordon and K. Raghavachari, J. Chem. Phys. 87 (1987),

5968.

135



Bibliography

[194] T. H. Dunning, J. Chem. Phys. 90 (1989), 1007.

[195] R. A. Kendall, T. H. Dunning and R. J. Harrison, J. Chem. Phys. 96 (1992), 6796.

[196] F. Neese, F. Wennmohs, A. Hansen and U. Becker, Chem. Phys. 356 (2009), 98.

[197] F. Weigend, F. Furche and R. Ahlrichs, J. Chem. Phys. 119 (2003), 12753.

[198] J. VandeVondele and J. Hutter, J. Chem. Phys. 127 (2007), 114105.

[199] W. Hofer, bSKAN 3.6 – A Guide to simulation of STM images and spectra from

first principles (2005), http://www.ssci.liv.ac.uk/ whofer/stm.

[200] J. Tersoff and D. R. Hamann, Phys. Rev. Lett. 50 (1983), 1998.

[201] J. Tersoff and D. R. Hamann, Phys. Rev. B 31 (1985), 805.
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